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FOURIER DOMAIN SENSING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a nonprovisional of, and claims the
benefit of the filing date of, U.S. Prov. Pat. Appl. No. 61/387,
443, filed Sep. 28, 2010, the entire disclosure of which is
incorporated herein by reference for all purposes. This appli-
cation is also a continuation-in-part of U.S. patent application
Ser. No. 12/485,858 (“the parent application™), filed Jun. 16,
2009, the entire disclosure of which is also incorporated
herein by reference for all purposes. The parent application is
a nonprovisional of, and claims the benefit of the filing date
of, U.S. Prov. Pat. Appl. No. 61/061,745, filed Jun. 16, 2008,
the entire disclosure of which is incorporated herein by ref-
erence for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
grant number NNX08AM97G awarded by NASA. The gov-
ernment has certain rights in the invention.

BACKGROUND OF THE INVENTION

The present invention relates to the fields of image sensing
and microscopy, and more specifically to methods, systems,
and apparatuses for measuring the spatial frequency spectrum
of an object using dynamic interference patterns.

Wide-field lens-based imaging systems form images by
causing light diffracted or emitted by the object to interfere on
aresolving detector or multi-element detector array. From the
perspective of Fourier optics, the object may be considered as
a coherent sum of sinusoidal Fourier components, such that
the angle of light diffracted or emitted by each Fourier com-
ponent varies with may be proportional to its spatial fre-
quency. Because the optical system can collect only a cone of
light defined by its numerical aperture (NA), off-axis light
that carries high spatial frequency information may be
rejected, thereby limiting spatial resolution. Wavefront aber-
rations in the optical path may further reduce resolution.
Moreover, because the depth of field (DOF) of lens-based
imaging systems typically has an inverse quadratic depen-
dence on the NA, high-resolution imaging systems can main-
tain focus within a very limited depth range, typically only a
few wavelengths. Furthermore, due to the challenges of
manufacturing large, high NA, high-precision optics, the
objective lens is typically be located within a working dis-
tance (WD) of only a few millimeters from the object in
high-resolution microscopes.

Super-resolution wide-field microscopy techniques in the
literature often exploit structured illumination in conjunction
with a lens-based imaging system in order to surpass the
diffraction resolution limit. Such techniques typically pro-
cess a sequence of images acquired as the object is illumi-
nated with multiple patterns, such as phase-shifted sinusoids,
thereby effectively down-converting high-frequency Fourier
components to lower spatial frequencies via the Moire effect.
This approach is generally be subject to the same NA-depen-
dent limit on DOF and WD as conventional imaging systems
and trades imaging speed for gain in resolution.

Extending the lateral resolution limit even further, U.S. Pat.
No. 6,255,642, incorporated herein by reference, may
describe the use of an evanescent field produced by standing
wave illumination due to total internal reflection at an inter-
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face with a transparent optical material in order to perform
super-resolution imaging in the near-field. U.S. Pat. Nos.
5,394,268 and 6,055,097, incorporated herein by reference,
may describe related structured illumination imaging tech-
niques wherein the object is illuminated with interference
patterns directed along the optical axis to reduce the effective
DOF of the system, which may enable sub-wavelength axial
sectioning.

On the other hand, lensless projection and diffraction
tomography techniques may be used for high-resolution
imaging of two-dimensional and three-dimensional struc-
tures by directly measuring the angular distribution of radia-
tion transmitted or diffracted by an object, and are often used
in wavelength regimes, such as X-rays, where lens-based
optical imaging is challenging. These techniques typically
rely on multiple radiation sources and detectors to measure
Fourier components of the object along distinct paths in Fou-
rier space, and a number of methods have been developed for
reconstructing two- and three-dimensional images from such
tomographic measurements, including the widely-used Fil-
tered Backprojection algorithm.

A structured illumination remote sensing approach, called
Fourier Telescopy, has been proposed (see Ustinov, N. D. et
al., Sov. J. Quantum Electron. 17, 108-110 (1987), incorpo-
rated herein by reference) wherein the object is illuminated
with one or more sinusoidal interference patterns that may be
generated by an array of radiation sources and the response
from the object is recorded with a single-element non-resolv-
ing detector to measure one or more Fourier components of a
remote object.

U.S. Pat. No. 4,584,484, incorporated herein by reference,
may describe a technique wherein an object is illuminated
with a moving interference pattern produced by a pair of laser
beams. In this technique, light transmitted by the object in
response to the illumination is recorded as the angular sepa-
ration or wavelength of the illuminating beams is mechani-
cally scanned using an arrangement of mirrors during the
motion of the pattern, thereby measuring the object’s com-
plex spatial Fourier transform along a direction. Additional
“Fourier slices” may be acquired by rotating the illumination
with respect to the object. An image may be synthesized by
Fourier-transforming the acquired data.

U.S. Pat. Nos. 5,384,573 and 5,751,243, incorporated
herein by reference, may describe an optical imager similar in
principle to Synthetic Aperture Radar, where coherently scat-
tered radiation from the object is detected as the optical plane
orientation and the angular separation between an illumina-
tion beam and the line of sight of a single-element detector are
varied. An optical heterodyne Fourier processor may be used
to sequentially synthesize the image.

There is thus a need for tools and techniques that may not
be limited to sequential sampling of Fourier components
along a direction. Furthermore, there is a need for tools and
techniques that may not rely on interference of discrete beams
of radiation. Moreover, there is a need for tools and tech-
niques that may provide a flexible, programmable means for
measuring a variety of distributions of Fourier components in
two and three-dimensional Fourier space through real-time
electronic control. In addition, there is a need for tools and
techniques that may provide for high speed one, two, and/or
three dimensional image acquisition and synthesis.

SUMMARY

Embodiments of the invention provide methods of sensing
an object. A first radiation is spatially modulated to generate
a structured second radiation. The object is illuminated with
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the structured second radiation such that the object produces
a third radiation in response. Apart from any spatially depen-
dent delay (which may or may not exist), the third radiation
has a time variation that is substantially spatially indepen-
dent. With a single-element detector, a portion of the third
radiation is detected from a plurality of locations on the object
substantially simultaneously. At least one characteristic of
one or more sinusoidal spatial Fourier-transform components
of'the object is estimated from a time-varying signal from the
detected portion of the third radiation.

In some embodiments, the first radiation is spatially modu-
lated by propagating a traveling modulation pattern along a
direction. A plane-wave component of the second radiation is
diffracted and a Doppler frequency shift is imparted on the
plane-wave component. The second radiation may comprise
a plurality of plane-wave components, with each distinct pair
of the plane-wave components interfering to produce a trav-
eling sinusoidal excitation pattern component probing one or
more harmonic spatial Fourier-transform components of the
object and contributing a time-varying detector signal com-
prising one or more frequencies corresponding to an integer
multiple of a temporal frequency difference of the each dis-
tinct pair of plane-wave components and having zero or non-
zero frequency offset.

The traveling modulation pattern may be produced using
one or more acousto-optic devices comprising at least one of
a Bragg cell or a surface-acoustic-wave optical modulator.
Each of the acousto-optic devices may be controlled with an
electrical drive signal, with each frequency component of the
electrical drive signal or an intermodulation thereof imparting
a harmonic Doppler frequency shift to one of the plane-wave
components of the second radiation.

The first radiation may be spatially demodulated by spa-
tially modulating the first radiation along a plurality of non-
parallel directions. The acousto-optic devices may comprise
at least one of a multidimensional acousto-optic device or a
plurality of non-collinear acousto-optic devices arranged in
tandem in close proximity to each other or in conjugate opti-
cal planes. The drive signals may comprise an array of fre-
quencies, with at least one pair of frequencies resulting in a
distinct tone in the time-varying detector signal that measures
a distinct component of a three-dimensional Fourier trans-
form of the object. For example, the electrical drive signal
may comprise a non-redundant array of frequencies.

In other embodiments where the second radiation com-
prises a plurality of plane-wave components, a difference
between temporal frequencies of each pair of plane-wave
components is substantially distinct from temporal frequency
differences of other pairs of plane-wave components that
produce distinct sinusoidal excitation patterns.

The characteristic of the sinusoidal spatial Fourier-trans-
form components of the object may be estimated by obtaining
substantially simultaneous measurements of one or more dis-
tinct spatial Fourier-transform components of the object from
the signal by Fourier analysis.

In some embodiments, a response by the object to the
second radiation is nonlinear, and a portion of the time-vary-
ing signal due to a sinusoidal excitation pattern component
comprises harmonic temporal frequencies measuring har-
monic spatial Fourier-transform components. The response
may be due to saturable fluorescence in one embodiment and
in another may be due to depletion of fluorescence using an
auxiliary depletion illumination pattern traveling substan-
tially in unison with the traveling sinusoidal excitation pattern
but operating at a substantially distinct wavelength. In some
instances, the response is coherent.
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The second radiation may have a spectral distribution, with
a width of the spectral distribution being controlled to set a
depth of field of the sensing. A group delay dispersion of the
first radiation may also be controlled to set a focal plane for
the sensing.

When the first and second radiations have a spectral distri-
bution, wavelengths of the first radiation may be angularly
spectrally dispersed to maintain an extended depth of field,
with depth of field and resolution being decoupled. In some
instances, the first radiation has a partial spatial coherence,
which may be controlled to set a depth of field of the sensing.

In other embodiments where the second radiation has a
spectral distribution, limited coherence of the first radiation
may result in portions of the time-varying signal due to illu-
mination that is scattered at least once before impinging on
the object being suppressed relative to portions of the time-
varying signal due to illumination not thus scattered, resulting
in increased measurement contrast and extended measure-
ment depth within or behind a scattering medium. The scat-
tering medium may comprise biological tissue, and the third
radiation may be fluoresced by a component of the biological
tissue in response to the illumination.

The third radiation may be due to at least one of multipho-
ton fluorescence, harmonic generation, coherent nonlinear
frequency mixing, or Raman scattering. In some such
instances, the object may be illuminated with a fourth radia-
tion. The fourth radiation may comprise a counter-propagat-
ing pulsed radiation having a different spectrum from the
second radiation. The second radiation may be pulsed. The
third radiation may be spectrally filtered. The time-varying
signal is thereby detected only when the second and fourth
radiation pulses overlap in time and space to produce emis-
sion with a spectrum distinct from the spectra of the second
and fourth radiations. In one embodiment, a relative timing of
pulses of the second and fourth radiations is adjusted to con-
trol an axial location of overlap of such pulses, thereby pro-
viding axial sectioning.

The second radiation may pass through a high-index
medium having a higher index of refraction than a sample
medium and may form an evanescent field pattern extending
into the sample medium at an interface between the high-
index medium and the sample medium. The object may be
located substantially adjacent to the interface such that it is at
least partially within the evanescent field pattern.

The sinusoidal spatial Fourier-transform components of
the object may have a substantially sparse and approximately
random distribution in the Fourier domain, with the methods
further comprising application of a compressed sensing algo-
rithm utilizing minimization of a norm to synthesize a one-
dimensional or multi-dimensional image or a transform of
such image.

In some embodiments, compensation for errors in a wave-
front of the structured second radiation may be compensated
while or after estimating the characteristic. For example, the
characteristic may comprise phase, with compensation for
errors in the wavefront of the structured second radiation
comprising formation of closure phases from the estimated
Fourier phases. In embodiments where the single-element
detector comprises a plurality of detectors and the second and
third radiations each have a spectral distribution, the third
portion of the radiation may be detected by separately sensing
distinct wavelength ranges. At least two of such separate
sensings detect a portion of the third radiation due to the same
Fourier component of the object. Errors in the wavefront of
the structured second radiation are thus compensated for by
using signals from the separate sensings.
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When the object is located at a distance, an optical surface
with coarse phase errors may sometimes be used to illuminate
the object with the structured second radiation. The coarse
phase errors of the optical surface may be compensated for by
making adjustments to at least one of the phase of the sinu-
soidal components of the structured illumination or the phase
of'the measured spatial Fourier-transform components of the
object.

In one embodiment, the time-varying signal has a carrier
frequency, with the method further comprising demodulation
of'the time-varying signal from the carrier by application of a
Hilbert transform to obtain an analytic signal and subtraction
of'a carrier phase function from the analytic signal. When the
time-varying signal has a carrier frequency, another embodi-
ment comprises demodulation of the time-varying signal
from the carrier by down-converting and bandpass-filtering a
Fourier transform of the detected signal.

In a further embodiment in which the single-element detec-
tor comprises a plurality of detectors, with each detector
having a distinct wavelength range, the second radiation may
have a centrosymmetric position-dependent wavelength dis-
tribution substantially near a Fourier-transform optical plane
of the spatial modulation.

In other embodiments, methods are provided for measur-
ing one or more sinusoidal spatial Fourier-transform compo-
nents of an object. The object is illuminated with a first
probing radiation comprising one or more plane-wave com-
ponents having distinct directions of propagation, with the
object producing a second radiation in response to the illumi-
nation. A distinct frequency shift is imparted on each of the
probing radiation components. With a single-element detec-
tor, a third reference radiation substantially coherent with
respect to the first probing radiation and a portion of the
second radiation are detected from a plurality of locations on
the object substantially simultaneously. At least one charac-
teristic of the one or more sinusoidal spatial Fourier-trans-
form components of the object is estimated based on a time-
varying signal from the detected portion of the second and
third radiations.

In some such embodiments, the object comprises phase
structure, and a portion of the second radiation is due to
coherent scattering of the first and second radiations by the
phase structure. The distinct frequency shift may be imparted
on the second radiation components by utilizing at least one
of a one-dimensional acousto-optic Bragg cell, a multi-di-
mensional acousto-optic Bragg cell, a surface-acoustic-wave
optical modulator, a programmable grating device, a liquid
crystal array, or a digital micromirror device.

Methods are also provided for measuring one or more
plane-wave components of a first radiation. A single-element
detector is illuminated with the first radiation and with a
second radiation substantially coherent with respect to the
first radiation, the second radiation comprising one or more
plane-wave components having distinct directions of propa-
gation. A distinct frequency shift is imparted on each of the
second radiation components. The first and second radiations
are detected with the detector substantially simultaneously.
At least one of amplitude, phase, or direction of propagation
of the one or more plane-wave components of the first radia-
tion is estimated based on a time-varying signal due to the
detected radiations. The distinct frequency shift may be
imparted on the second radiation components by utilizing one
of a one-dimensional acousto-optic Bragg cell, a multi-di-
mensional acousto-optic Bragg cell, a surface-acoustic-wave
optical modulator, a programmable grating device, a liquid
crystal array, or a digital micromirror device.
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In further embodiments, a method is provided for measur-
ing one or more sinusoidal spatial Fourier-transform compo-
nents of a portion of an image formed by a first radiation. A
structured third radiation is generated by spatially modulating
a second radiation. A single-element multiphoton detector is
illuminated with the structured third radiation and with the
first-radiation image portion. The first and third radiations are
detected with the multiphoton detector substantially simulta-
neously. A characteristic of the one or more sinusoidal spatial
Fourier-transform components of the portion of the image are
estimated based on a time-varying signal due to the detected
radiations. The second radiation may use at least one of a
one-dimensional acousto-optic Bragg cell, a multi-dimen-
sional acousto-optic Bragg cell, a surface-acoustic-wave
optical modulator, a programmable grating device, a liquid
crystal array, or a digital micromirror device.

In another embodiment, a method is provided for measur-
ing a sinusoidal spatial Fourier-transform component of a
portion of an image formed by a first radiation. An amplitude
of the portion of the image is spatially modulated with a
traveling modulation pattern to form a structured second
radiation. A portion of the structured second radiation is
detected from a plurality of locations on the image substan-
tially simultaneously. A characteristic of the sinusoidal spa-
tial Fourier transform component of the portion of the image
is estimated based on a time-varying signal due to the
detected radiation.

BRIEF DESCRIPTION OF THE DRAWINGS

A further understanding of the nature and advantages of the
present invention may be realized by reference to the follow-
ing drawings. In the appended figures, similar components or
features may have the same reference label. Further, various
components of the same type may be distinguished by fol-
lowing the reference label by a hyphen and a second label or
third label that distinguishes among the similar components.
The second or third label may also be used merely to distin-
guish components that are part of different figures. If the first
reference label is used in the specification, the description is
applicable to any one of the similar components having the
same first reference label irrespective of the second reference
or third labels.

FIG. 1 illustrates a system where an object may be illumi-
nated with a radiation wavefront that has been spatially
modulated in two-dimensions using multiple moving sinu-
soidal patterns and radiation transmitted by the object in
response to the illumination is detected with a single-element
detector, in accordance with various embodiments.

FIG. 2 illustrates a system where an image of an object may
be reconstructed by illuminating the object with a radiation
wavefront that has been spatially modulated with multiple
moving sinusoidal patterns using an acousto-optic Bragg cell
and rotated using a prism, detecting the scattered, reflected,
transmitted, fluoresced, or otherwise generated response with
a single-element detector, and computing the image from the
measured Fourier components using a processor, in accor-
dance with various embodiments.

FIG. 3A illustrates a system that may be used for measur-
ing tilted planes in Fourier space and probing three-dimen-
sional structures by tilting the object and/or tilting the illumi-
nation and using an electronically phase-compensated large
low-precision reflector to project structured illumination and
collect the object’s scattered, reflected, transmitted, fluo-
resced, or otherwise generated response onto a single-ele-
ment detector, in accordance with various embodiments.
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FIG. 3B illustrates a system that may be used for measuring
tilted planes and/or slices in Fourier space and probing three-
dimensional structures by using spectrally distributed illumi-
nation, dispersive elements and/or filters, and multiple detec-
tors to measure multiple groups of Fourier components in
parallel using different wavelengths.

FIG. 4 illustrates a system wherein illumination spatially
modulated using a reflecting Surface Acoustic Wave device
and rotated using a retro-reflecting prism or mirror arrange-
ment may be projected onto the object using an in-line reflec-
tor system, the object’s response is detected with a single-
element detector, and a two- or three-dimensional image is
reconstructed using the tomographic filtered backprojection
algorithm in real time or in post-processing, in accordance
with various embodiments.

FIG. 5 illustrates a system that may utilize heterodyne
detection to reduce the noise bandwidth of the measurement
and the required digitization rate, in accordance with various
embodiments.

FIG. 6 illustrates a system wherein a Fourier analysis sys-
tem may be interfaced with a nearly identical Fourier synthe-
sis system for synchronously writing Fourier components of
the object into a suitable bias-subtracting recording medium,
in accordance with various embodiments.

FIG. 7 illustrates a system for passive remote sensing that
may measure the complex Fourier components of a coherent
wavefront using an acousto-optically frequency-shifted and
tilted reference beam, a rotating prism, and a single-element
detector, in accordance with various embodiments.

FIG. 8 illustrates a system that may provide a means for
rotating a wavefront without moving components using
mutually-tilted retro-reflecting prisms or mirrors inside a
pulsed laser mirror cavity, in accordance with various
embodiments.

FIG. 9 is a flowchart of a method of measuring one or more
sinusoidal Fourier components of an object, in accordance
with various embodiments.

FIG. 10 illustrates an nonlinear response to traveling struc-
tured illumination intensity due to molecular-level saturation
in which nearly all molecules are in an excited state or in a
dark state resulting in a detector signal that probes multiple
harmonic spatial Fourier components, thereby enabling reso-
Iution beyond the classical diffraction limit.

FIG. 11 illustrates a system for implementing Fourier-
plane wavelength encoding of the structured illumination and
spectral de-multiplexing using wavelength-selective detec-
tors, thereby increasing measurement parallelism and acqui-
sition speed.

FIG. 12 illustrates a system for generating dynamic multi-
dimensional illumination patterns using crossed acousto-op-
tic Bragg cells and various redundant and non-redundant
frequency multiplexing schemes enabling high-speed paral-
lel measurement of the object’s Fourier space.

FIG. 13 illustrates a system that employs temporal focus-
ing of pulsed illumination, thereby providing axial resolution.

FIG. 14 illustrates a system using spectrally-diverse pulsed
illumination that may be used to probe nonlinear contrast
within a narrow depth slice.

FIG. 15 illustrates a system for super-resolved imaging that
relies on near-field probing of a surface of an object.

FIG. 16A illustrates the use of broadband radiation to limit
the depth of field and increase axial resolution.

FIG. 16B illustrates the use of linear dispersion compen-
sation to attain a large depth of field using broadband illumi-
nation.
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FIG. 17 illustrates increasing the imaging depth in scatter-
ing media such as biological tissue through wide-field struc-
tured illumination coherence gating.

FIG. 18 illustrates a system that uses closure phases formed
from non-redundant Fourier measurements to provide addi-
tional constraints for phase error compensation.

FIG. 19 illustrates a system that uses degenerate Fourier
measurements at multiple wavelengths to provide additional
constraints for phase error compensation.

FIG. 20A illustrates a coherent passive sensing system for
measuring the complex Fourier components of a wavetront,
thereby providing a means for characterizing the object or
medium responsible for the wavefront errors.

FIG. 20B illustrates an incoherent passive sensing system
employing a spatially-modulated structured radiation and a
nonlinear detector to measure the spatial Fourier components
of'an image.

FIG. 20C illustrates an incoherent passive sensing system
employing a traveling-wave spatial modulator near the image
plane to measure the spatial Fourier components of an image.

FIG. 21 illustrates measurement of a full complex Fourier
slice of a scattering object by using a fixed reference beam
aligned with the optical axis and an angle-scanned probe
beam that sweeps over both negative and positive angles.

FIG. 22 illustrates the use of random sparse Fourier sam-
pling and compressed sensing algorithms to reduce the num-
ber of measurements required to reconstruct a detailed image
of'an object.

FIG. 23 illustrates data processing flow for various
embodiments of the invention based on chirped heterodyne
measurements.

FIG. 24 illustrates a system for measuring remote objects
with microscopic resolution using a large phase-compensated
reflector.

FIG. 25 illustrates a system that employs a spatially inco-
herent source to limit the depth of field and increase axial
resolution.

FIG. 26 is a schematic illustration of a computational
device that may be used in part to implement embodiments of
Fourier domain sensing systems, apparatuses, and methods,
in accordance with various embodiments.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

This description provides example embodiments only, and
is not intended to limit the scope, applicability, or configura-
tion of the invention. Rather, the ensuing description of the
embodiments will provide those skilled in the art with an
enabling description for implementing embodiments of the
invention. Various changes may be made in the function and
arrangement of elements without departing from the spirit
and scope of the invention.

Thus, various embodiments may omit, substitute, or add
various procedures or components as appropriate. For
instance, it should be appreciated that in alternative embodi-
ments, the methods may be performed in an order different
from that described, and that various steps may be added,
omitted, or combined. Also, features described with respectto
certain embodiments may be combined in various other
embodiments. Different aspects and elements of the embodi-
ments may be combined in a similar manner.

It should also be appreciated that the following systems,
methods, and software may individually or collectively be
components of a larger system, wherein other procedures
may take precedence over or otherwise modity their applica-
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tion. Also, a number of steps may be required before, after, or
concurrently with the following embodiments.

FIG. 1 illustrates a Fourier domain sensing system 180, in
accordance with various embodiments. By using a two-di-

10

the object as an integral sum of its Fourier components, mul-
tiplying by the moving sinusoidal intensity pattern, and spa-
tially integrating, a detector signal may be written as the
following Equation 1:

L) = 1;[ f f Arfer el d £ d fy]- [1 + geﬂ’“fw*vo” +c.c.]dxdy

= 1‘-(A,(0, 0)+ %A,(fox, 0)el2™0’ 4 c.c.).

mensional spatial illumination modulator 100-a, the system
180 makes it possible to measure multiple complex Fourier
components of the object along multiple dimensions simul-
taneously using a single-element detector 101-a. This data
may be used to measure a characteristic of the object 102-a,
such as its position, shape, or orientation, to classify the
object, or to reconstruct an image of the object, merely by way
of example. The system may provide, without limitation,
parallel high-speed data acquisition without moving compo-
nents, flexible and configurable Fourier domain sampling,
high dynamic range sensing using a single-element detector,
simplicity, and/or compatibility with existing spatial light
modulator technologies.

In some embodiments, radiation 103-g¢-i emitted by a
radiation source 104-a may be modulated in phase, ampli-
tude, wavelength, and/or polarization using a two-dimen-
sional spatial modulator 100-a that may be programmed with
a dynamic pattern that can be considered as a combination of
moving sinusoidal components 105-i-a, 105-i-b, . . ., 105-i-n.
In some embodiments, a lens 190-a-i may collimate radiation
103-a-i. In the case of polarization modulation, a polarization
analyzing element may be used to convert polarization modu-
lation to intensity modulation. The spatially modulated illu-
mination 106-¢ may then be projected onto the object 102-a
using a projection optical system 107-a, such as a lens,
thereby illuminating the object 102-a with a combination of
dynamic sinusoidal patterns 108-a. Radiation 109-a scat-
tered, reflected, transmitted, generated, and/or fluoresced by
the object 102-a in response to the structured illumination
108-a may be collected over a substantial range of angles
using a detection optical system 110-a, such as a lens, onto a
single-element detector 101-a. An electronic control system
111-a may be used to program the spatial modulator 100-a,
acquire a time-varying detector signal, and/or optionally
amplitude-modulate the radiation source 104-a in order to
convert the time-varying detector signal 112-a to a more
accessible range of frequencies. A processor and/or compu-
tational device 113-a in communication with the control sys-
tem 111-a may be used to process the acquired detector signal
to compute the Fourier components of the object. The com-
puted Fourier components of the object may be used for a
wide variety of purposes including, but not limited to using
this information to characterize the object 102-a and/or
reconstruct its image, as is discussed in more detail below.

In some embodiments, each moving sinusoidal component
105-i-a, 105-i-b, . . . , 105-i-r present in the dynamic spatial
modulation pattern may be characterized by a unique combi-
nation of spatial frequency, amplitude, spatial phase, direc-
tion, and/or equation of motion, and may produce a corre-
sponding moving sinusoidal illumination component at the
object with a linearly-related set of characteristics. In one
embodiment, each such illumination component may vary
sinusoidally in intensity and may move with a constant veloc-
ity across the object. By representing the intensity response of
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Here A (f,, f,) represents the complex Fourier transform of
the intensity response of the object encompassed by the finite
illumination area, [, and I, are the incident and detected inten-
sities, f,, and v, are the spatial and temporal frequencies ofthe
illumination, m is the modulation depth, and c.c. represents
the complex conjugate. Thus, the spatially-integrated flux
109-a scattered, reflected, transmitted, generated, and/or
fluoresced by the object 102-g that may be illuminated by a
moving sinusoidal pattern may oscillate in time, wherein the
amplitude and/or phase of the oscillation may correspond to
the strength and/or offset of the matching Fourier component
present in the intensity response of the object 102-a. The
combined detector signal 112-a due to the linear sum of
moving sinusoidal illumination components 108-a may then
be represented as a linear sum of time-varying sinusoidal
signals, where the temporal frequency of each sinusoidal
signal may be related to the corresponding spatial frequency
in the object’s illumination response as v,=v,1,,, where v, is
the velocity of motion of the sinusoidal illumination. There-
fore, individual Fourier components of the object may be
recovered by time-domain Fourier analysis of the frequency-
multiplexed detector signal 112-a. In one embodiment, where
each moving sinusoidal spatial modulation component 105
may be used to measure a unique Fourier component of the
object, the product of the velocity and spatial frequency of
said spatial modulation component may be chosen to be
unique.

It should be apparent to those skilled in the art that a variety
of implementations of said embodiments is possible within
the spirit and scope of this invention. The radiation 103-a-i
may be visible and/or invisible, particulate and/or wavelike,
and may be temporally and/or spatially coherent, as in the
case of laser radiation, and/or partially coherent, as in the case
of radiation from a Light Emitting Diode (LED). The two-
dimensional spatial modulator 100-a may be transmissive
and/or reflective and may take the form of a programmable
grid of elements, such as a Liquid-Crystal (I.C) array or a
Digital Micromirror Device (DMD), a continuous structured
medium, and/or a deformable surface or membrane. In one
embodiment, the two-dimensional spatial modulator 100-a
may include a radial combination of one-dimensional spatial
modulators. Merely by way of example, system 180 may
show an embodiment where a body of water perturbed by
ultrasonic waves emanating from multiple actuators arranged
at the periphery may be used as a two-dimensional spatial
modulator 100-g-i, which may produce multiple moving
sinusoidal components 105-i-a, 105-i-b, . . ., and 105-i-n. In
some embodiments, the two-dimensional spatial modulator
100-a may include multiple one-dimensional spatial modu-
lators, which may include but are not limited to a one-dimen-
sional acoustic optic Bragg cell, a surface acoustic wave
device, and/or a programmable grating device, such as grat-
ing light valve device. As another example, subsystem 185
shows an embodiment where a two dimensional [.C array or



US 8,558,998 B2

11

DMD array 100-g-ii is programmed to produce multiple
moving sinusoidal components 105-ii-a and 105-ii-b as part
of the two-dimensional spatial modulator 100-i. The two-
dimensional spatial modulator 100-a-ii may spatially modu-
late radiation 103-g-ii. Lens 190-a-ii. may also collimate
radiation 103-a-ii. Although the preceding discussion treated
an object illuminated with an intensity pattern, other spa-
tially-varying properties of the illumination, such as polariza-
tion and/or wavelength, may also be used to probe structure
present in the object 102-a. Furthermore, although a substan-
tial portion of radiation 109-a coherently scattered by the
object may typically be collected onto the detector 101-a to
spatially integrate any localized structure present in the
response, such as speckle, when radiation 109-a from the
object 102-a is isotropic only a small portion may need to be
collected. For example, in the case of a strong fluorescent
response, the detection optical system 110-a¢ may not be
needed and a bare spectrally-filtered detector element 101-a
positioned in relative proximity to the object 102-a may be
sufficient to perform high-fidelity Fourier-domain measure-
ments using these techniques.

FIG. 2 illustrates a Fourier domain sensing system 250, in
accordance with various embodiments. The system 250
shows an object 102-b that may be illuminated with struc-
tured illumination 108-b generated using a one-dimensional
spatial modulator 114-b and a wavefront rotating device 115-
b. While it is possible to measure multiple Fourier compo-
nents 116-b simultaneously along a single direction in this
embodiment, other directions or radial “slices” 117-b in Fou-
rier space may be accessed sequentially. Furthermore, the
object 102-4 itself may be rotated or tilted using a mechanical
stage 118-b to measure different Fourier slices in the three-
dimensional Fourier space 119-5, from which a two- or three-
dimensional object characteristic or image 120-6 can be
reconstructed. Due to the availability of high-speed one-di-
mensional spatial modulators, Fourier measurements may be
acquired very rapidly in some embodiments, especially when
a non-mechanical wavefront rotating device 115-6 may be
used. Whereas parallel acquisition of multiple Fourier com-
ponents 116-5 along a Fourier slice 117-5 may increase mea-
surement speed, sequential acquisition of individual Fourier
samples may make it possible to attain a very large Depth of
Field, which is substantially limited only by the extent of
axial invariance of the illumination pattern 108-b6. During
sequential measurements of individual Fourier components,
the axial extent of the sinusoidal interference patterns illumi-
nating the object may be very large, which may make it
possible to attain a millimeter-scale Depth of Field while
maintaining wavelength-scale resolution, merely by way of
example.

In one embodiment, radiation 103-5 emitted by a radiation
source 104-b with optical frequency w, may be collimated
using alens 190-5 and spatially modulated using a one dimen-
sional spatial modulator 114-b. Merely by way of example,
the one dimensional spatial modulator may be an acousto-
optic Bragg cell. Whereas the 0”-order transmitted radiation
189-b may be blocked near a Fourier plane, the diffracted 1%
order radiation wavefront 106-b may be rotated using a prism
120-5, such as a Dove prism, and/or an arrangement of mir-
rors mounted on arotation stage 121-b, and projected onto the
object 102-4. In some embodiments, other diffraction orders
may also be utilized. System 250 may includes one or more
lenses, such as 107-b-i and 107-b-ii, which may be used to
facilitate projecting wavefront 106-5 onto the object 102-5. In
some embodiments, other diffraction orders of the radiation
may be utilized. Radiation 109-5 scattered, reflected, trans-
mitted, fluoresced, or otherwise generated by object 102-5 in
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response to the structured illumination 108-b may be directed
by means of a beam splitter 122-5 and additional optics, such
as lens 110-b onto a single-element detector 101-b. An elec-
tronic control system 111-5 may be used to program the one
dimensional spatial modulator 114-5, control a combination
of' wavefront and object rotation stages 115-b, 118-b, acquire
the time-varying detector signal 112-b, and/or optionally
amplitude-modulate the radiation source 104-5 in order to
convert the time-varying detector signal 112-5 to a more
accessible range of frequencies. A processor 113-b in com-
munication with the control system 111-5 may used to pro-
cess the acquired detector signal 112-5to compute the Fourier
components 116-b of the object 102-b and use this informa-
tion to characterize the object and/or reconstruct its image
120-5, merely by way of example.

In one embodiment, the one dimensional spatial modulator
114-5 such as a Bragg cell, for example, may be driven with
a compound electronic signal 123-5 comprising multiple
sinusoidal waveforms. Fach sinusoid waveform may be
described by a combination of amplitude, phase, and/or tem-
poral frequency, such that at any time the drive signal can be
characterized by a combination of frequencies, 2w,. A piezo-
electric transducer (part of Bragg cell 114-b) converts the
electronic signal into an acoustic waveform, which perturbs
the index of refraction of the Bragg cell crystal (part of Bragg
cell 114-5) via the photoelastic effect, resulting in a one-
dimensional volume phase hologram traveling through the
Bragg cell crystal at the velocity of sound. To maximize
diffraction efficiency, the radiation may enter the Bragg cell
114-5 at an angle with respect to the acoustic velocity normal
substantially close to the Bragg angle, 6. Furthermore, the
Bragg cell 114-b may be driven sufficiently weakly so that the
diffraction efficiency varies substantially linearly with the
electronic drive signal power. Due to the acousto-optic Dop-
pler effect, radiation diffracted by each spatial frequency
present in the traveling volume hologram may acquire a cor-
responding temporal frequency shift, such that the 1* order
diffracted radiation wavefront 106-5 may be characterized by
a combination of frequencies, w,+2w,. Furthermore, each
spatial frequency present in the hologram may diffract light at
adifferent angle, resulting in a compound interference pattern
108-5 that can be considered as a combination of sinusoidal
intensity patterns moving across the object 102-5, where the
spatial frequency of each sinusoid may be linearly related to
the corresponding temporal difference frequency Aw,,
present in the electronic drive signal 123-4. In this way, pat-
terns present in the moving volume hologram may be pro-
jected onto the object 102-5.

As in the case of the embodiment illustrated in FIG. 1 and
described earlier, each moving sinusoidal intensity compo-
nent present in the illumination 108-5 may produce an oscil-
lating signal contribution at the detector 101-5, such that the
compound detector signal 112-b can be characterized by a
combination of frequencies, 2Aw,;. The amplitude, A, and
phase, 6,;, of each oscillating signal component may corre-
spond to the magnitude and phase of the corresponding spa-
tial Fourier coefficient 116-5 of the object 102-5. In this way,
multiple Fourier components of the object 102-5 can be mea-
sured simultaneously and recovered by time-domain Fourier
analysis of the frequency-multiplexed detector signal. In one
embodiment, where each acoustic beat pattern in the Bragg
cell 114-b may be used to measure a unique Fourier compo-
nent of the object, the difference frequencies Aw,, present in
the Bragg cell 114-5 drive signal may be chosen to be unique.

It should be apparent to those skilled in the art that a variety
of implementations of the embodiment in FIG. 2 are possible
within the spirit and scope of this invention. For example, the
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one-dimensional spatial modulator 114-b may be reflective,
as in the case of a Surface Acoustic Wave (SAW) device or a
programmable grating device, such as Grating Light Valve
(GLV) device. Some embodiments may also utilize a two-
dimensional modulator as discussed with respect to FIG. 1.
The wavetront rotation device 115-6 may also be reflecting,
including a retro-reflecting prism and/or an arrangement of
mirrors, or may be implemented without moving components
so that the illumination can be rotated faster than the acoustic
propagation time across the optical aperture. In the latter case,
sequential measurements of Fourier components may be
accomplished by rotating the illumination for each position of
the illumination pattern before varying the spatial frequency,
rather than the other way around. Measurements along dif-
ferent Fourier slices 117-b can be accomplished by rotating
the illumination, rotating or tilting the object 102-b, or any
combination of these techniques. To improve signal contrast,
the beam splitter 122-5 that may be used to separate radiation
109-5 due to the object from the illumination 108-5 may be
polarizing when the object response is scattered, or dichroic
when the response is fluoresced. Due to the nearly common
path of the diffracted beams, the radiation may be temporally
and spatially coherent, as in the case of laser radiation, or
partially coherent, as in the case of radiation from a Light
Emitting Diode (LED), merely by way of example.

Fourier Optics can be used to derive the dynamic Optical
Transfer Function (OTF) of the illustrated system 250 and the
other systems illustrated with in other figures. Consider the
effect of an arbitrary RF drive signal 123-b, s(t), on the
detected intensity 112-b, I (t), under coherent illumination.
When the Bragg cell 114-5 is operated in the linear regime,
the incident field 103-5 is modulated along the y' axis by the
propagating acoustic pattern in proportion to the time-de-
layed RF signal 123-b, convolved in time with the acousto-
optic impulse response, h,(t), and windowed by the optical
and acoustic beam overlap cross-section, a(x',y"), which is
reflected in the following equation:

ST yee.

o
US

where v, is the speed of sound in the crystal, and o is the
optical frequency. Before illuminating the object, the dif-
fracted field 106-5 is convolved with the one-dimensional
impulse response of the projection system, p(y), and demag-
nified by a factor M. The resulting interference pattern 108-b
is then multiplied by the object’s intensity response 102-b,
lo(x,y)I?, and spatially integrated at the detector 101-b. The
detected signal may be represented as the following equation:

Uy, ¥, 0 =alx, y’)[ha(t)*s(t)*ﬁ(t— %a +

1) = f f: ot | atMx, Mys(r- 5 + ’Z—j)]rdydx

where F,{ } represents a one-dimensional slice through the
spatial Fourier transform. Converting from temporal to spa-
tial frequency using v=f,u /M in post-processing, moving the
F { } term outside the integral, and recognizing the integral as
another Fourier slice, one may obtain the one-dimensional
optical transfer function, represented in the following equa-
tions:
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Here F {l0,(x,y)I’} is a Fourier slice of the reconstructed
object, * stands for correlation, and ® (1), S (f,), and 1 (f,)
are one-dimensional Fourier transforms of p(y), s ,(v), and the
projection of a(x,y), respectively. One can see from this result
that electronic control of the RF signal allows adjustment of
the OTF'? of the system on a slice-by-slice basis. By apply-
ing the Fourier Slice Theorem, one can thereby synthesize a
dynamic two- or three-dimensional OTF and obtain a recon-
struction of the object using the following equations:

OTF?2(f, ) =W (. /, " OTFg'P(f, sin 0+, cos 6)d0

0,37°=F . THOTFP( ) F | Loy}

where 0 is the Fourier slice angle and W(f,.f)) is an angle-
independent weighting filter accounting for sparser sampling
of Fourier space at higher frequencies. In conjunction with a
feedback system, it may thus be possible, for example, to
dynamically correct coarse phase errors in the pupil function
(e.g. due to flexing of a large reflector), and/or to adapt the
OTF to a changing scene. The dynamic OTF also may enable
Fourier-domain filtering in real time and without the loss of
light associated with amplitude-mask-based filtering. This
capability may not be only helpful for optical processing
applications, but may also be used to optimize imaging sen-
sitivity or measurement time based on a priori information
about the Fourier content of a class of objects, such as thin
cellular membranes or grid-based semiconductor structures,
enabling a form of compressive imaging.

FIG. 3A illustrates an embodiment of another Fourier
domain sensing system 350, in accordance with various
embodiments. System 350 includes a reflector 124-c, which
may be a large, low-precision reflector. Reflector 124-¢ may
be used to project the illumination 108-c¢ and collect the
scattered, reflected, transmitted, fluoresced, or otherwise gen-
erated radiation 109-¢ from the object 102-¢ onto a single-
element detector 101-¢ via a dichroic or polarizing beam
splitter 122-b. Such a large aberration-compensated reflector
can be many centimeters in diameter and can be positioned
many centimeters or even meters away from the object, while
maintaining wavelength-scale resolution and millimeter-
scale depth of field. The reflector surface 124-¢ may need to
be optically-precise only within a small fraction of its
Numerical Aperture (NA), where this fraction is approxi-
mately the inverse of the number of resolvable spots, or
equivalently, the time-bandwidth product of the Bragg cell
114-b, which can exceed several thousand. Coarser phase
errors, A, in the reflecting surface, however, may be cor-
rected by electronically adjusting the phase of the acoustic
waveform or in post-processing. A calibration step may be
performed to measure the phase errors by temporarily replac-
ing the object with a known target such as a small fluorescent
bead, a combination of gratings, or a Fresnel zone plate.
Alternatively, known constraints about the object itself may
be used to extract the phase errors in the reflector surface. The
reflector may be machined out of metal, electroformed, or
even assembled from a mosaic of flat mirrors 125-c. In one
embodiment, the reflector surface may be ellipsoidal, with
one of the foci located at the object, and the other at a spatial



US 8,558,998 B2

15

modulation conjugate plane. In one embodiment, the reflector
124-¢ may include multiple mirror segments that can be
folded for storage.

Also illustrated is an embodiment wherein it is possible to
measure individual Fourier components in three dimensions,
from which a three-dimensional image can be reconstructed.
As described earlier, by rotating the illumination pattern or
the object itself about the illumination axis or by using a
two-dimensional spatial modulator, it is possible to measure
Fourier components of the object lying on a plane 126-cinthe
three-dimensional Fourier space 119-c. Additional tilted Fou-
rier planes can be measured by tilting the object using a
mechanical stage 118-c and/or by tilting the illumination axis,
which can be accomplished, for example, through rapid elec-
tronic control of the center frequency of the signal driving the
one dimensional spatial modulator such as Bragg cell 114-c.
While the range of illumination axis tilts may be limited by
the NA of the projection system, as illustrated in Fourier
space using heavy lines of Fourier space 119-¢, by tilting the
object it is possible to fully sample the three-dimensional
Fourier space, as illustrated by tilted Fourier planes with
dotted lines of Fourier space 119-c. It should be apparent to
those skilled in the art that it is not necessary to measure one
plane at a time in Fourier space. The operations of rotating
and tilting the object with respect to the illumination pattern
may be performed in any sequence to build up the desired
three-dimensional distribution of Fourier samples.

FIG. 3B illustrates another embodiment of a Fourier
domain sensing system 360 where three-dimensional Fourier
slices or planes having different tilts may be measured simul-
taneously using a source of broadband radiation 103-d, rather
than by sequentially tilting the object or the illumination axis.
This parallel spectrally-multiplexed technique may greatly
speed up the acquisition of three-dimensional images. In this
embodiment, the spatial modulator 114-d may impart difter-
ent diffraction angles onto different spectral components of
the modulated radiation 106-d, three of which are labeled in
increasing order of wavelength as A—, A0, and A+. As a result,
the axis of illumination 108-d due to each spectral component
may be unique, thereby mapping different tilts of Fourier
slices or planes to different illumination wavelengths. When
the signal from the object 109-d4 is due to scattered light,
signals from spectrally-coded loci in Fourier space can be
separated using a dispersive element 127-d, such as a grating,
onto an array of detectors 128-d-i. Alternatively, a bank of
spectral filters 129-d placed in front of a detector array 128-
d-ii can be used instead of a dispersive element. When the
detected signal is due to fluorescence, the object can be
labeled with a combination of fluorophores with substantially
non-overlapping absorption spectra to separate signals due to
different components of the illumination spectrum.

It should be apparent to those skilled in the art that a variety
of implementations of the embodiment in FIGS. 3A and 3B
are possible within the spirit and scope of this invention,
including such variations as are seen with embodiments of
FIG. 1 and FIG. 2. Furthermore, various components of
FIGS. 3A and 3B may be labeled with first reference numbers
that may be described above along with FIGS. 1 and/or 2. A
second label on a component may merely reflect that the
component is part of a specific figure.

FIG. 4 illustrates another Fourier domain sensing system
450, in accordance with various embodiments. In system 450,
illumination patterns may be generated using a reflective
Surface Acoustic Wave (SAW) device 130-e, rotated using a
retro-reflecting right-angle prism or mirror arrangement 131-
e, and projected onto the object using a large low-precision
reflector 124-¢. The SAW device 130-¢, which may be fabri-
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cated by patterning an inter-digitated transducer and depos-
iting a reflective surface on a Lithium Niobate wafer in some
embodiments, is functionally similar to the acousto-optic
Bragg cell described earlier. However the propagating acous-
tic waves of the SAW device may perturb the shape of a
reflecting surface rather than the index of refraction in a bulk
crystal as with an acousto-optic Bragg cell. Because SAW
perturbations are typically only a small fraction of the optical
wavelength, diffraction efficiency may be much lower than in
the case of the volume-holographic Bragg cell. A SAW device
130-¢ can be inexpensive to manufacture, does not require
Bragg-matching, and can work in wavelength regimes where
acousto-optic crystals are not available, including UV and
X-rays. The retro-reflecting illumination rotator 131-e may
be easier to align than a transmissive one such as a Dove
prism, may introduce fewer aberrations, and when imple-
mented using mirrors may work in wavelength regimes where
prisms may not be available. As with a transmissive prism, the
illumination pattern is rotated by the retro-reflector 131-e at
twice the rate of the rotation stage 121-e. Since a Fourier
plane can be fully sampled with 180 degrees of rotation, the
stage revolution rate may be quadrupled when calculating the
image acquisition rate. A pair of retarders, one 132-e station-
ary and the other 133-¢ that may be mounted on the rotation
stage, can be used to preserve the linear polarization state as
the pattern is rotated, which may maximize the coupling
efficiency of the polarizing beam splitter 134-e. In this
embodiment, the fixed quarter-wave retarder 132-¢ is used to
turn the incoming linear polarization into circular, while the
other rotating retarder 133-e, its fast axis aligned with the
edge of the right-angle prism or mirrors, is used to nullify the
polarization effects of the retro-reflector so that polarization
behavior of the rotating elements taken together is that of a
mirror and the system functions as an optical isolator.

The diffracted and rotated 1%-order radiation 106-e from
the SAW device 130-¢ may be coupled into the projection
system 460 via a small central aperture in the large reflector
124-¢ and may be directed back onto the reflector 124-¢ via a
secondary mirror 135-e, which magnifies the diffraction
angle. In some embodiments, other diffracted orders of the
radiation 106-¢ may also be utilized. As in FIGS. 3A and 3B,
radiation from the object 109-¢ in response to the illumination
108-¢ may be collected using the same reflector 124-¢ and
directed onto a single-element detector 101-e viaa dichroic or
polarizing beam splitter 122-e. In one embodiment, the
reflector 124-e¢ may be ellipsoidal in shape, with one of'its foci
located at the object 102-¢ and the other coinciding with the
focus of the paraboloidal secondary mirror 135-¢. In some
embodiments, a miniature optical system 136-¢ may be
placed just behind the secondary mirror 135-¢ to form a
low-resolution image onto an imaging detector array 137-¢
such as a CCD. This low resolution image can then be com-
bined with the reconstructed high resolution image to fill in
the low spatial frequencies that would otherwise be lost due to
shadowing by the secondary mirror, while still maintaining a
large depth of field. Furthermore, the imaging detector 137-¢
and optical system 136-¢ may be the primary imaging instru-
ment, whereas the Fourier domain sensing system 450 may be
used as a means to enhance the resolution of the optical
system 136-¢. Moreover, in addition to direct acquisition of
low-resolution images, the imaging detector 137-¢ can also
beused instead of or in addition to the single-element detector
101-e to capture and to spatially integrate a portion of the
object radiation 109-¢ emitted or scattered in response to the
structured illumination 108-e. This can be accomplished by
summing the signals from multiple detector elements com-
prising the imaging detector array in some embodiments.
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Also illustrated is a method for reconstructing an image of
the object from the time-domain detector signal that may be
utilized with embodiments such as system 450. As described
above, the one-dimensional Optical Transfer Function
(OTF'P), and therefore the one-dimensional point spread
function (PSF'?), of the system may be determined by the RF
signal 123-e¢ driving the acousto-optic spatial modulator
130-e. For each measured Fourier slice, by deconvolving the
digitized detector signal with the PSF*Z, a one-dimensional
projection of the object may be obtained along the lateral
direction normal to the Fourier slice. A two-dimensional
image can be reconstructed by applying the Filtered Back-
projection (FBP) algorithm, a method commonly used in the
field of projection tomography to reconstruct a two-dimen-
sional image from multiple one-dimensional projections. The
image may be obtained using this algorithm by filtering each
one-dimensional projection using a ramp filter to compensate
for sparse Fourier sampling at high spatial frequencies,
smearing the filtered projection in two dimensions along the
projection direction, and coherently accumulating the
smeared projections. Unlike rectilinear direct Fourier trans-
form techniques, this process can be performed entirely in
real space potentially resulting in fewer interpolation arti-
facts, and makes it possible to synthesize the image in real
time, slice-by-slice, rather than in post-processing. Further-
more, because the Fourier Slice Theorem applies in three as
well as two dimensions, the FBP algorithm may be extended
straightforwardly to reconstruct a three-dimensional image
from measurements mapping to multiple tilted planes in Fou-
rier space, such as those shown in FIG. 3. Because this tomo-
graphic approach to three-dimensional imaging can be sen-
sitive to radiation emitted from locations within the entire
illumination volume, it can be more light-efficient than con-
focal optical sectioning techniques in which out-of-focus
light is rejected.

It should be apparent to those skilled in the art that a variety
of implementations of the embodiment in FIG. 4 are possible
within the spirit and scope of this invention, including such
variations as are seen with embodiments of FIGS. 1, 2, 3A,
and 3B. Furthermore, various components of FIG. 4 may be
labeled with first reference numbers that may be described
above along with FIGS. 1, 2, 3A, and/or 3B. A second refer-
ence label on a component may merely reflect that the com-
ponent is part of a specific figure.

FIG. 5 illustrates a Fourier domain sensing system 550, in
accordance with various embodiments, that employs hetero-
dyne detection and signal processing. The optical system
138-f for illumination projection and signal collection may
involve any of the systems disclosed as in FIGS. 1, 2, 3A, 3B,
4,6, 7, and 8. In one embodiment, the acousto-optic spatial
modulator 114-f may be driven with a double-sided chirp
signal 139-f having linearly time-varying difference fre-
quency, Av, and centered at the Bragg frequency, v, resulting
in rapid sequential measurement of spatial frequencies along
a Fourier slice. The detected signal 112-fproduced as a result
of chirped sequential Fourier sampling may itself be chirped
in frequency, varying in time with the difference frequency
Av. If the detector signal is processed directly, photon shot
noise as well as other white noise processes 140-f from the
entire detector bandwidth, vz, may corrupt the digitized
signal. On the other hand, by electronically mixing and/or
multiplying the detector signal 1124, for example, with a
synchronously chirped reference signal 141-fusing an analog
circuit 142-f; the chirped detector signal may be modulated
onto a fixed carrier at the heterodyne offset frequency, v,,. By
passing the heterodyne signal through a bandpass filter 143-f
with a bandwidth of Avz, centered at v,,, it may be possible to
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reduce the noise bandwidth 140-f'of the signal to be digitized
144-fby a factor of N, where N is the number of resolvable
spatial frequencies in the Fourier slice and may be determined
by the time-bandwidth product of the acousto-optic Bragg
cell 114-f. Furthermore, by choosing v,, to be low, the digitizer
sampling rate may be reduced by up to a factor of N, making
it possible to use a lower bandwidth, higher dynamic range
digitizer. In some embodiments, the same heterodyne detec-
tion effect can be achieved optically instead of electronically
by modulating the amplitude of the illumination source 104-f
using the chirped reference signal, as illustrated by the dashed
line 145-f. In this case, the detector signal 112-f may be
passed directly through the bandpass filter 143-f without mix-
ing. Such optical heterodyne detection may reduce the detec-
tor bandwidth requirement by up to a factor of N and may
avoid nonlinearities associated with electronic mixing and
multiplication.

It should be apparent to those skilled in the art that a variety
of implementations of the embodiment in FIG. 5 are possible
within the spirit and scope of this invention, including such
variations as are seen with embodiments of FIG. 1-4. Further-
more, various components of FIG. 5 may be labeled with first
reference numbers that may be described above along with
FIGS. 1, 2, 3A, 3B, and/or 4. A second reference label on a
component may merely reflect that the component is partof'a
specific figure.

FIG. 6 illustrates a Fourier domain sensing and writing
system 650, in accordance with various embodiments that
involves a three-dimensional holographic copier. In some
embodiments, the Fourier domain sensing and writing system
650 may include a Fourier domain sensing system 146 such as
those illustrated in FIGS. 3A and 3B (systems 350 and 360)
for example. Other Fourier domain sensing systems may also
be used in some embodiments of system 650. System 146
may be controlled synchronously with an Fourier domain
writing system 147. In one embodiment, the writing system
147 may be similar to the sensing system 146, except that no
radiation from the object 109-g is detected by system 147.
Rather, a suitable recording medium 148-g may be used in
place ofthe object. A controller 149-g may be used to produce
the drive signals for the light sources 104-g-i, 104-g-ii and
spatial modulators 114-g-i, 114-g-ii in the sensing and writ-
ing systems 146 and 147 respectively, to process the detector
signal 112-g from the sensing system to compute Fourier
components of the object 102-g and to synchronously control
the drivers 150-g and 151-g for the rotation 115-g-i and 115-
g-ii and tilt 118-g-i and 118-g-ii stages of the sensing and
writing systems. In this embodiment, one or more Fourier
components along a slice in Fourier space may be first mea-
sured by the sensing system 146 as described above, either
simultaneously using frequency-multiplexed illumination or
sequentially using a frequency-stepped drive signal 123-g-i.
Additionally, the sensing system radiation source 104-g-i
may be modulated in amplitude to step the phase of the
structured illumination or to implement heterodyne sensing
as described earlier. After the amplitudes and phases of the
measured Fourier components along a Fourier slice are com-
puted, the spatial modulator 114-g-ii in the writing system
147 may be programmed with a waveform 123-g-ii synthe-
sized from the up-shifted coherent sum of these measured
Fourier components. Once the synthesized pattern fills the
spatial modulator 114-g-ii, the writing system light source
104-g-ii may be briefly pulsed, thereby illuminating 108-g-ii
the recording medium 148-g with a stationary pattern com-
prising the measured Fourier components. This process may
be repeated as additional Fourier components along the Fou-
rier slice are measured and as the object 102-g and recording
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medium 148-g are synchronously rotated and/or tilted to copy
additional Fourier slices and build up an image 152-g of the
object 102-g. Because Fourier components from separate
measurements may be combined incoherently in the record-
ing medium, a uniform bias may accumulate as a result of
such optical Fourier synthesis. To avoid image saturation, a
suitable recording medium that is sensitive to spatial intensity
variations, but not uniform bias, such as a photorefractive
medium, may be used. For two-dimensional recording, a
bias-subtracting CCD detector can instead be used as a
recording medium 148-g in which a fixed amount of accumu-
lated charge may be removed from each well several times
during the integration period as multiple patterns sequentially
illuminate the CCD surface. Alternatively, with precise illu-
mination control, a thresholding recording medium 148-g,
such as photoresist, can be used to produce high-contrast
recordings of weak accumulated patterns on top of a large
uniform bias.

It should be apparent to those skilled in the art that a variety
of implementations of the embodiment illustrated in FIG. 6
are possible within the spirit and scope of this invention. The
reading and writing processes and the control of rotation and
tilt stages may be synchronous or sequential. The projected
patterns may be electronically or optically scaled or other-
wise altered to synthesize a scaled, filtered, or otherwise
modified replica 152-g of the object 102-g. The writing sys-
tem 147 may be implemented within the same optical system
as the reading system 146, so that the object 102-g may be
replaced with the recording medium 148-g after the measure-
ment process has completed to initiate the writing process.
Alternatively, the object 102-g and recording medium 148-g
may be placed side-by-side within the illumination field of
the same system. Furthermore, the writing system 147 may be
used independently from the sensing system 146 as an Fourier
synthesis engine. The optical architectures of the sensing and
writing systems may differ from the one shown and may
resemble embodiments illustrated in the other figures, such as
FIGS. 1, 2,4, 3B, 5, 7, and 8. The spatial modulators 114-g
may be one-dimensional as shown or two-dimensional. When
a two-dimensional spatial modulator 114-g-ii is used in the
writing system 147, two-dimensional coherently-synthesized
patterns may be written into the recording medium 148-g,
which may thereby reduce bias accumulation. Pulsing of the
illumination, whether by strobing the light source and/or
shuttering the illumination itself, may be used when the spa-
tial modulation pattern is moving as in the case of an acousto-
optic device. On the other hand, with parallel-programmable
spatial modulators such as LCD or DMD arrays, illumination
pulsing may not be necessary.

It should be apparent to those skilled in the art that a variety
of implementations of the embodiment in FIG. 6 are possible
within the spirit and scope of this invention, including such
variations as are seen with embodiments of FIGS. 1-5. Fur-
thermore, various components of FIG. 6 may be labeled with
first reference numbers that may be described above along
with FIGS. 1, 2,3A, 3B, 4, and/or 5. A second reference label
on a component may merely reflect that the component is part
of a specific figure.

FIG. 7 illustrates a passive remote coherent optical Fourier
domain sensing system 750, in accordance with various
embodiments. Whereas embodiments illustrated in FIG.
1-FIG. 6 may rely on illuminating the object with patterned
radiation, in this embodiment plane wave components of a
coherent wavefront 153-/ of frequency w from a remote
object (not shown) may be measured passively. In one
embodiment, a coherent reference beam 154-2 with fre-
quency o may be diffracted by an acousto-optic spatial modu-
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lator 114-/ driven with an RF tone 123-% of frequency w,,
rotated using a prism 120-%, and coherently combined using
a beam splitter 155-2 with the wavefront 153-/ from the
object on the surface of a single-element detector 101-/. The
frequency of the diffracted beam 156-2 may be Doppler-
shifted by w, as a result. In this case, plane wave component
of'the object wavefront matching the direction of the Doppler-
shifted and tilted reference beam 157-% illuminating the
detector 101-/ results in a beat signal at the detector output
112-/ with frequency w,, whereas other plane wave compo-
nents produce interference patterns that are spatially inte-
grated at the detector surface, generating little or no net signal
modulation. By varying the tilt of the reference beam 154-/
acousto-optically and changing its direction using the rota-
tion stage 121-4, plane wave components of the wavefront
153-/ from the object can be sequentially measured and pro-
cessed in any of the numerous ways described in the context
of the various structured illumination embodiments. Further-
more, by driving the Bragg cell 114-/ with a compound signal
123-/ with multiple frequencies, it may be possible to mea-
sure multiple plane wave components of the object wavetront
153-/ simultaneously, in a manner as was described in the
context of FIG. 1 and FIG. 2, for example. While in structured
illumination embodiments such frequency-multiplexed mea-
surements may reduce the depth of field due to tilt ambiguity,
in this embodiment no analogous ambiguity or drawback may
exist. The object wavefront 153-/~ may be collected onto the
detector 101-/ using an optical system such as a lens 158-%
such that the phase gradient imparted on the wavefront 153-/
by the optical system may be subtracted during processing of
the detector signal to reveal the phase distribution of the
incident wavefront.

This Fourier-domain wavefront analysis technique has
several features that may be compared with other wavefront
analysis methods. Because an individual single-element
detector 101-/ may be used to fully characterize the complex
wavefront, this technique can be used in wavelength regimes
where detector arrays are expensive or not available. The use
of reflective spatial modulator and wavefront rotation tech-
nologies and a membrane beam splitter may extend this tech-
nique to EUV and X-ray regimes. In holography applications,
the single-element detector 101-/ can replace high-resolution
film and/or high density imaging detectors in measuring the
field and amplitude distribution of a coherent wavefront.
Since the directions of the reference beam and the measured
plane wave component are always co-aligned, this technique
can be used to measure the entire complex Fourier transform
of'the wavefront with uniform accuracy. Furthermore, hetero-
dyne detection and signal processing techniques can be
applied to reduce the noise bandwidth as well as detector and
digitization bandwidth requirements as described in the con-
text of FIG. 5.

It should be apparent to those skilled in the art that a variety
of implementations of the embodiment illustrated in FIG. 7
are possible within the spirit and scope of this invention. The
coherent reference beam 154-/ may be derived from the
radiation used to illuminate the object, created by diverting a
portion of the object wavefront 153-4, or produced by a
frequency-locked laser. In the latter case, state-of-the art lock-
ing stability may not be necessary since the acousto-optic
Doppler shift is typically in the range of tens to hundreds of
megahertz. The wavefront rotation device 121-2 may be
reflecting, including a retro-reflecting prism and/or an
arrangement of mirrors. Measurements along different direc-
tions can be accomplished by rotating the reference beam
157-k and/or rotating the object wavefront 153-4. As in
embodiments described earlier, the spatial modulator 114-%
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may be a one dimensional device such as an acousto-optic
Bragg cell, a SAW device, or a programmable grating device,
or a two-dimensional device such as a multi-dimensional
acousto-optic Bragg cell, LC device, or DMD array. In some
embodiments with a two-dimensional spatial modulator
114-/ wavefront rotation may not be necessary. The two
dimensional Bragg cell can be a single device, or can com-
prise two orthogonal one-dimensional Bragg cells. Further-
more, with a two-dimensional Bragg cell, each reference
beam tilt and orientation can be encoded with a unique RF
frequency, making possible parallel frequency-multiplexed
measurement of the two-dimensional complex Fourier trans-
form of the object wavefront 153-% by frequency analysis of
the time-domain detector signal.

It should also be apparent to those skilled in the art that a
variety of implementations of the embodiment in FIG. 7 are
possible within the spirit and scope of this invention, includ-
ing such variations as are seen with embodiments of FIGS.
1-6. Furthermore, various components of FIG. 7 may be
labeled with first reference numbers that may be described
above along with FIGS. 1, 2, 3A, 3B, 4, 5, and/or 6. A second
reference label on a component may merely reflect that the
component is part of a specific figure.

FIG. 8 illustrates aspects of a Fourier domain sensing sys-
tem 850 for rotating a wavefront without moving components
employing retro-reflection, in accordance with various
embodiments. Non-mechanical wavefront rotation may be
accomplished by multiple reflection of a spatially modulated
pulsed radiation wavefront by a pair of opposing right-angle
retro-reflecting prisms or mirrors 160-4-i and 160-4-ii, col-
lectively referred to as a “retro-reflector cavity”, whose
reflection symmetry axes 161-i-i and 161-%-ii are slightly
tilted with respect to each other by an angle . This process is
illustrated for a pair of co-aligned radiation beams 162-% and
163-%. With each pass through the retro-reflector cavity, the
transverse pattern defined by the two beams is incrementally
rotated by an angle 2a and a fraction of the radiation may be
coupled out of the cavity, producing a sequence of pulsed
radiation patterns having different orientations 165-r (dis-
cussed below). In some embodiments, birefringent phase
retarders 166-k-i and 166-4-ii may be placed in front of each
retro-reflector, their fast or slow axes aligned with the reflec-
tion symmetry axis of the corresponding retro-reflector 160-
k, in order to rotate the polarization of the pulsed wavefront at
the rate of pattern rotation. The thickness of each retarder
166-4 may be chosen so that together with the retro-reflector
160-%, ahalf-wave relative phase retardance may be produced
between the eigen-polarizations after each retro-reflection,
resulting in an incremental tilt of the linear polarization axis
by 2a upon each pass through the cavity, as illustrated on the
Poincaré sphere 167.

Also illustrated are aspects of wavefront rotating using a
pulsed laser mirror cavity system 860, in accordance with
various embodiments. In this embodiment, a pulse of struc-
tured radiation 159-», which may be produced by a laser, such
as a Ti: Sapphire femtosecond laser merely by way of
example, may be coupled into the cavity via a beam splitter
168-» through a hole in a curved mirror 169-7. A program-
mable grating 170-7, such as a Grating Light Valve (GLV) or
a Surface Acoustic Wave (SAW) device, positioned near the
center of the focal plane of the curved mirror 169-» may be
used to diffract a fraction of the incident radiation 159-r in
response to a control signal 171-r. The 1% order diffracted
radiation 172-r from the programmable grating may be
focused by the curved mirror 169-7 onto a retro-reflector
160-7-i/-ii positioned at a location near the center of the focal
plane of the curved mirror 169-r. Other diffraction orders of

20

25

40

45

22

the radiation may also be used in some embodiments. A
retarder 166- may be placed in front of the retro-reflector
160-7-i/-ii for polarization rotation as described earlier. The
retro-reflected radiation may be directed once again onto the
programmable grating 170-7. In response to the control signal
171-7, the programmable grating may diftract a portion 165-»
of the incident radiation back through the hole in the curved
mirror to be coupled out of the cavity via the beam splitter
168-r. Another portion 172-r of the incident radiation may be
reflected by the programmable grating 170-7 towards the
curved mirror 169-7, which may focus the radiation reflected
from the grating 170-7 onto a second retro-reflector 160-7-ii
whose reflection symmetry axis is tilted with respect to that of
the first retro-reflector 160-7-i. Again, another retarder 166-
r-ii may be placed in front of the retro-reflector 160-7-ii for
polarization rotation. The retro-reflected radiation may be
directed by the curved mirror 169-r onto the programmable
grating 170-r and the process described above may be
repeated multiple times, producing a sequence of rotated
patterns 165-7 at the cavity output. As illustrated, the grating
control signal 171-r may vary in time such that an equal
radiation intensity is coupled out of the cavity system 860 for
each rotated pattern and the pulse energy within the cavity
system 860 may be substantially depleted upon the full rota-
tion of the pattern, at which point another radiation pulse may
be coupled into the cavity system 860 as described above and
the process repeats.

It should be apparent to those skilled in the art that a variety
of implementations of the embodiment illustrated in FIG. 8
are possible within the spirit and scope of this invention. The
retro-reflectors 160-7-i/-ii may be positioned at other loca-
tions within a mirror cavity system 860, such as the Fourier
plane. The cavity system 660 may be unfolded such thata pair
of lenses may be used instead of the curved mirror 169-r. In
this case, a Bragg cell may be used instead of a programmable
grating 170-7. The programmable grating 170-7 or Bragg cell
may also be used to spatially modulate the incident radiation
165-r to create a desired pattern, in which case the incident
radiation may be unstructured. A passive wavefront rotation
system can be designed in which the programmable grating
170-» may be replaced with a partially-reflecting mirror serv-
ing as both, an input and output coupler. In this embodiment,
the beam splitter 168-7 is not used and the incident wavefront
159-r enters the cavity through the coupling mirror. Further-
more, a gain medium may be added to the cavity system 860
to enhance its efficiency.

It should also be apparent to those skilled in the art that a
variety of implementations of the embodiment in FIG. 8 are
possible within the spirit and scope of this invention, includ-
ing such variations as are seen with embodiments of FIGS.
1-7. Furthermore, various components of FIG. 8 may be
labeled with first reference numbers that may be described
above along with FIGS. 1, 2, 3A, 3B, 4,5, 6, and 7. A second
reference label on a component may merely reflect that the
component is part of a specific figure.

FIG. 9 is a flow chart illustrating a method 950 of measur-
ing one or more sinusoidal Fourier components of an object.
The method 950 may, for example, be performed in whole or
in part within the systems of FIGS. 1-8. Further aspects and
additional embodiments of method 950 may be more thor-
oughly discussed within the description provided within
these systems and are thus not necessarily repeated here.

Atblock 910, a first radiation is spatially modulated result-
ing in a structured second radiation. Spatially modulating the
first radiation utilizes a variety of different modulators includ-
ing, but not limited to, a one-dimensional acousto-optic
Bragg cell, a multi-dimensional acousto-optic Bragg cell, a
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surface acoustic wave device, a programmable grating
device, a liquid crystal array, or a digital micromirror device.
In some embodiments, spatially modulating the first radiation
may be along multiple non-parallel directions. Spatially
modulating the first radiation may depend on the object and/
or a structure of the structured second radiation.

The first radiation may be visible and/or invisible, particu-
late and/or wavelike, and may be temporally and/or spatially
coherent, as in the case of laser radiation, and/or partially
coherent, as in the case of radiation from a Light Emitting
Diode (LED). In some embodiments, the first radiation may
have a spectral distribution, such as a broadband radiation. A
first radiation with spectral distribution may be partially spa-
tially coherent. The first radiation may be pulsed in some
embodiments. The first radiation may be amplitude modu-
lated in time in some embodiments. Spatially modulating the
first radiation may also include phase modulation, polariza-
tion modulation, and/or amplitude modulation. The spatial
modulation may be along a single direction or along multiple
directions.

In some embodiments, generating the second structured
radiation may be controlled to reduce errors in the structured
second radiation. The relative strengths ofthe sinusoidal Fou-
rier components of the structured second radiation may be
varied in some embodiments. In some embodiments, spatial
frequencies present in the structured second radiation may be
non-redundant.

At block 920, the object is illuminated with the structured
second radiation to produce a third radiation from the object
in response to the illuminating. The structured second radia-
tion may be scaled and oriented relative to the object. Orient-
ing the second radiation relative to the object may include
orienting the structured illumination relative to a reference
frame. Orienting the second radiation relative to the object
may include orienting the object relative to a reference frame.
A reference frame may be defined by a Fourier domain sens-
ing system within which method 950 may be implemented.

Atblock 930, a single-element detector detects a portion of
the third radiation from multiple locations on the object
simultaneously for each spatial modulation of the first radia-
tion and for each orientation of the second structured radia-
tion. The third radiation may include radiation that is scat-
tered, reflected, transmitted, fluoresced, and/or otherwise
generated by the object.

In some embodiments, multiple single-element detectors
may be used, wherein each of the single-element detectors
detects a portion of the third radiation from multiple locations
on the object. The detected portion of the third radiation
detected by each ofthe multiple single-clement detectors may
have a substantially different wavelength and may be due to
substantially different Fourier components of the object than
radiation detected by one or more other the single-element
detectors.

In some embodiments, the phase of one or more sinusoidal
Fourier components of the spatial modulation may be
changed between multiple successive detection times. The
spatial frequency of one or more sinusoidal Fourier compo-
nents of the spatial modulation may be changed between
multiple successive detection times. The orientation of the
structured second radiation with respect to the object may be
changed between multiple successive detection times. The
strength of one or more sinusoidal Fourier components of the
structured second radiation may be changed between mul-
tiple successive detection times.

Atblock 940, characteristics of the sinusoidal Fourier com-
ponents of the object are estimated based on a time-varying
signal from the detected portion of the third radiation. The
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characteristics may include a phase, a weighted sum of the
phases, an amplitude, or a weighted sum of the amplitudes of
the sinusoidal Fourier components of said object, merely by
way of example.

In some embodiments, method 950 may also include
reconstructing an image of the object. The image may be
reconstructed from the measured sinusoidal Fourier compo-
nents of the object. The image may be one dimensional, two
dimensional, or three dimensional. In some embodiments,
reconstructing an image of the object may involve a direct
Fourier transformation of the measured Fourier components
of'the object. In some embodiments, depth of field and reso-
Iution of the image may be substantially decoupled. The
resolution of the reconstructed image may surpass the diffrac-
tion limit of the optical system receiving the radiation from
the object. In some embodiments, geometrical parameters of
the object, such as position, orientation, and scaling, may also
be determined from the measured Fourier components.

In some embodiments, method 950 may also include cal-
culating at least one projection of the objected based on the
time-varying signal. From the projections, an image may be
reconstructed in some embodiments by applying a tomo-
graphic filtered backprojection algorithm to one or more pro-
jections.

In some embodiments, method 950 may also include syn-
thesizing a structure or image of the object by illuminating a
recording medium with a sequence of radiation patterns. Each
radiation pattern may include one or more characterized Fou-
rier components. The recording medium may include a vari-
ety of media including, but not limited to, a bias-subtracting
detector array, a photorefractive crystal, or a photoresist.

In some embodiments, method 950 may include estimated
characteristics of sinusoidal Fourier components of the object
that may form a sparse subset of a Fourier basis set of the
object. The sparse subset may be chosen to efficiently image
a class of objects and/or to better utilize the information
throughputs and/or capacities of the optical, electronic, and/
or processing systems. In some embodiments, the object may
be classified based on characteristics of the sinusoidal Fourier
components of the object. In some embodiments, the classi-
fication maybe made by using structured illumination that
includes Fourier components of a matched filter.

In some embodiments, method 950 may also include
modulating the time-varying detected signal onto a carrier
signal having a substantially fixed frequency by electroni-
cally mixing the time-varying detected signal with a time-
varying reference signal. Some embodiments may include
modulating the structured second radiation with a time-vary-
ing reference signal to produce the time-varying detected
signal having a substantially fixed frequency within a band-
width of the detector. Modulating the structured second radia-
tion may include amplitude, frequency, phase, and/or polar-
ization modulation.

The effect of an incoherent nonlinear response to a travel-
ing high-intensity illumination pattern is illustrated with FIG.
10, which by way of example schematically shows the spa-
tially-varying saturable fluorescence response 1091 of an
object 1002 to an intensity pattern 1006 on the left portion of
the drawing, and the resulting compound signal 1012
obtained by a spatially-integrating detector 1004 on the right
portion of the drawing. This incoherent nonlinear interaction
results from saturation on a molecular level such that nearly
all molecules are either in an excited state or in a “dark” state
within a region where the illumination intensity exceeds a
saturation threshold I, 1093. When the illumination intensity
1006 exceeds the saturation threshold I, 1093, fluorescence
begins to saturate and grow nonlinearly with intensity. For
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high intensities, in regions where [,<I, almost all fluoro-
phores are in the “dark” state, whereas in regions where [>1,
almost all fluorophores are excited, thereby “squaring up” the
effective excitation pattern and the resulting response 1091.
As the resulting narrow “dark stripes” 1092 of no fluorescent
response move across the object 1002, the spatially-inte-
grated intensity generates a detector signal 1012 comprising
multiple harmonics, thereby probing multiple corresponding
harmonic Fourier components 1098 of the object simulta-
neously and making it possible to probe features below the
diffraction limit that would be unresolvable with a linear
system. The intensity of the signal falls with frequency even
if the Fourier spectrum of the object 1002 is flat since the
width of the dark stripes 1092 increases relative to the spatial
period, resulting in a larger integration window. The same
result is obtained by Fourier transformation of the emission
intensity 1091. It is also possible to reverse the situation by
using a periodic depletion intensity pattern to quench nearly
all fluorescence in regions where L>1.. In this case, narrow
“bright stripes” of fluorescence corresponding to the darkest
regions of the depletion pattern would move across the object
1002, producing an analogous time-varying detector signal
1012.

These methods differ from other super-resolution methods
based on a nonlinear response to high-intensity illumination
that rely on conventional imaging using a detector array or on
scanning a tightly-focused beam or beams across the object.
Saturable fluorescence structured illumination microscopy
employing a sequence of sinusoidal illumination patterns
with different phases and orientations has been used to
resolve ~50 nm fluorescent beads using five detectable exci-
tation harmonics, for example. Moreover, several related
saturation schemes, sometimes collectively referred to as
“far-field optical nanoscopy,” have been used to attain reso-
Iutions on the order of ~10 nm with a scanning far-field
microscope using conventional optics. With sufficient illumi-
nation power, many such nanoscopy techniques, as well as
other incoherent nonlinear processes such as saturable
absorption, are compatible with methods of the invention.
Scanning Stimulated Emission Depletion (“STED”) micros-
copy, for example, combines a focused excitation beam at one
wavelength and a depletion beam with an annular focal spot at
a different wavelength to quench fluorescence everywhere
except for a small central region much smaller than the dif-
fraction-limited PSF. According to the methods of the inven-
tion, on the other hand, a 1D intensity profile (which could be
sinusoidal or not, depending on the modulation signal) could
be used instead of the donut-shaped depletion beam. One of
the challenges in scanning-spot STED lies in rapidly trans-
lating the depletion beam with resolution-scale precision (e.g.
~10nm). According to embodiments of the present invention,
however, scanning in 1D is accomplished automatically with
high speed and precision by the moving interference pattern.
Furthermore, the saturable fluorescence response can be mea-
sured while maintaining other benefits of the invention
described herein such as extended depth of field, high-speed
three-dimensional Fourier measurements, deeper imaging in
scattering media, and large-working distance microscopy.

In addition to temporal frequency multiplexing, another
level of parallelism may be obtained by wavelength-encoding
the illumination in a Fourier plane and using an array of
wavelength-selective detectors, thereby further speeding up
measurement of scattering objects. FIG. 11 illustrates one
way to measure the entire two-dimensional Fourier space of
the object using a single one-dimensional frequency scan
without rotating the object 1102 or the structured illumination
1108. The system is identified generally by reference number

30

40

45

50

26

1199. In this case, a broadband source 1104 of radiation 1103
is used and a specially designed hologram 1192 is used to
disperse in opposite directions partially coherent illumination
beams 1106 so that opposite sides of the Fourier plane 1193
have a mutually-reversed and centrosymmetric wavelength
mapping 1194. This is accomplished in a specific embodi-
ment using a highly angle-selective hologram or alternatively
by encoding the opposing illumination beams with orthogo-
nal polarizations using a split polarization element 1191 near
a Fourier plane, for example, and employing a polarization-
selective hologram 1192. A polarization analyzer at the detec-
tor or at the object may then be used to ensure good interfer-
ence contrast. The multispectral response 1109 from a
scattering object 1102 may be demultiplexed using multiple
detectors 1128 placed behind an array 1129 of spectral filters
or by dispersing the scattered light onto a detector array using
a grating, for example. Merely by way of example, the draw-
ing shows optical elements, including lenses 1107 and a beam
splitter 1127, that may be used to direct the broadband radia-
tion 1103 collimated using a lens 1190 and spatially-modu-
lated by an acousto-optic Bragg cell 1114 onto the dispersive
hologram 1192 and the object 1102 and collecting the
object’s response 1109 onto an array of wavelength-sensitive
detectors 1128. When combined with RF frequency multi-
plexing, Fourier-plane wavelength encoding may be used to
measure the entire two-dimensional Fourier space of the
object during a single Bragg cell access time (e.g. ~20 ps).

Moving mechanical components, such as a prism used to
rotate the illumination in some embodiments, may limit data
acquisition speed and may adversely affect the accuracy of
the Fourier measurements. One approach that obviates mov-
ing components and may therefore greatly enhance acquisi-
tion speed and improve measurement precision employs two-
dimensional acousto-optic diffraction to generate multi-
dimensional dynamic frequency-multiplexed illumination
patterns either by using a single two-dimensional Bragg cell
(which typically comprises a stack of two orthogonally cut
crystals, each driven by a separate transducer), or by using
two orthogonally oriented one-dimensional Bragg cells
placed in conjugate optical planes as illustrated by system
1299 in FIG. 12. In the case of sequential Fourier sampling,
for example, an input 1203 is diffracted by the first Bragg cell
1214-i to generate two first-order beams 1206-i that are
directed by lenses 1207 to be used as inputs to the second
Bragg cell 1214-ii. To ensure that the diffracted beams can be
made to rotate about a common center and can sample fre-
quencies anywhere in the Fourier plane down to DC, the
second Bragg cell 1214-ii is also driven with two tones,
resulting in four diffracted first-order beams 1206-ii that map
to four points in RF frequency space 1298.

The four distinct interference patterns due to the diagonal,
horizontal, and vertical beam pairs map to unique RF carriers
in the detector signal, so that four distinct spatial Fourier
components can be measured simultaneously. Note that the
vertical frequency spacing should be different from the hori-
zontal frequency spacing to avoid a stationary interference
pattern contribution along one of the diagonal directions.
Thus, by separately controlling the difference frequencies of
the two-tone signals driving each Bragg cell 1214, it is pos-
sible to scan the entire two-dimensional Fourier space, mea-
suring four frequency samples at a time.

Two-dimensional acousto-optic scanning can also leverage
frequency multiplexing to speed up the measurement and
improve the SNR ever further. For example, space 1297
shows a two-dimensional double-sided non-redundant sam-
pling scheme that can be used to measure multiple separable
in-plane Fourier components at once (24 in this case) with a
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strategic choice of drive frequencies. In this example, the
same frequency pattern is used to drive the orthogonal Bragg
cells, however the frequency scaling is chosen to be slightly
different along the two axes to maximize the number of non-
redundant carriers in the detector signal. Note, however, that
the patterns along the v, and V. axes do not have to be the
same (to a scale factor), as long as both 1D patterns are
double-sided non-redundant. It can be concluded from sym-
metry considerations that only those diagonal frequency pairs
that are symmetric about the origin can produce signals with
unique RF carriers. Furthermore, as in the sequential case,
horizontal and vertical beam pairs contribute strong degener-
ate interference patterns, probing additional in-plane Fourier
components. Thus, using this scheme it is possible to measure
up to N?/2+N separable in-plane Fourier samples at once
(where N is the number of frequencies in each drive signal).
On the other hand, signals due to redundant tilted illumination
patterns produced by off-axis diagonal beam pairs can be
rejected by filtering to attain a large DOF, but at the cost of
signal loss.

A more light-efficient approach that is particularly well
suited for tomographic 3D imaging is the non-planar non-
redundant Fourier sampling scheme shown in space 1296. In
this case, the drive frequencies can be chosen such that every
possible diagonal beam pair (there are 200 in all for the array
shown) produces a signal at a distinct RF frequency. In the
illustrated example, this is accomplished by using the same
non-redundant pattern along v, and V ;. axes, but choosing a
slightly different frequency scaling factor for each axis to
ensure that the diagonal frequency differences are non-redun-
dant and sufficiently separated from each other. Moreover, as
before, horizontal and vertical beam pairs result in strong
degenerate in-plane interference patterns that probe addi-
tional in-plane Fourier coefficients (10 in the illustrated
example). This massively parallel scheme makes it possible
to probe

N2(N - 1)

)

individual Fourier components simultaneously and to popu-
late hundreds (or, for larger arrays, perhaps even thousands)
of individual points in the 3D Fourier space during a single
Bragg cell access time without signal loss. In the example
case of the illustrated 5x5 array where the vertical frequency
pattern is a scaled version of the horizontal one, 210 separable
signals are obtained with a minimum carrier separation of
0.04 in the arbitrary frequency units used. Although the inter-
relationship between the measured locations cannot be cho-
sen arbitrarily, by scaling the frequencies and using several
different non-redundant array patterns, it should be possible
to attain good coverage of the 3D Fourier space.

An embodiment of the invention that employs temporal
focusing of pulsed broadband illumination and provides axial
resolution is illustrated with FIG. 13. In this drawing, the
system is denoted generally by reference number 1399. An
uncompensated broadband pulsed beam 1303 is incident on a
Bragg cell 1314, which introduces a time delay across each
diffracted first-order spectral component 1306 such that the
dispersed coherent pulse fronts 1391 directed by lenses 1307
coincide temporally only at the focal plane 1392 (this results
in a rapid line scan across the focal plane over the duration of
the pulse). Away from the focal plane, the dispersed wave-
fronts combine increasingly incoherently and the pulse rap-
idly broadens with defocus. In the case of a multiphoton
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fluorescent response, for example, since efficient excitation
occurs only when the peak photon density is high, this effec-
tively limits the multiphoton excitation depth to a narrow 2D
slice of the focal volume, whereas background two-photon
fluorescence from outside the focal plane is suppressed.

Moreover, each spectral component of the dispersed first-
order beams results in a sinusoidal interference pattern at the
focal plane. Although the spatial frequency of the interference
patterns is common across the entire spectrum, due to angular
dispersion which maps to atime delay introduced by the tilted
Bragg cell 1314 across each diffracted beam, the spectral
component interference patterns combine increasingly out-
of-phase with defocus, resulting in an interference contrast
function 1393 that peaks at the focal plane 1392. The loss of
interference contrast and broadening of the pulses are due to
the same phenomenon—Iloss of phase coherence across the
spectrum with defocus. Thus, axial resolution is obtained
even for a CW broadband source due to the limited coherence
depth. However, the out-of-focus regions with low interfer-
ence contrast contribute DC background to the detector sig-
nal, reducing the signal-to-noise ratio. With a femtosecond
pulsed source, on the other hand, in out-of-focus regions
where the interference contrast is low, the interfering pulses
are also temporally broadened, which greatly reduces two-
photon emission. As a result, out-of-focus background emis-
sion (and photodamage) is suppressed, resulting in true two-
photon axial sectioning. The focal plane of temporal
coincidence and multispectral coherence can be scanned in
depth by controlling the second-order group delay dispersion
of the incident pulse using a pulse compressor, for example.

FIG. 14 illustrates an embodiment of the invention that
may advantageously be used to probe nonlinear contrast
within a narrow depth slice while minimizing photodamage.
The system is denoted generally by reference number 1499. A
thin, mostly transparent sample 1402 is illuminated with a
pair of femtosecond pulses 1406-i and 1406-ii and a third
synchronous counter-propagating femtosecond pulse 1493 is
introduced such that the three coherent pulse fronts 1491
overlap temporally only within a narrow focal plane 1492. By
arranging (e.g by using a pulse-shaper) that the counter-
propagating pulse 1493 spans a different wavelength range
than the other two pulses 1406, as illustrated by the excitation
spectra 1494 and 1495, it is possible to ensure that a two-
photon signal at the sum frequency is produced only when all
three pulses overlap, as illustrated by the two photon emission
spectrum 1496. Although the illustrated beams are disper-
sion-compensated and therefore exhibit co-planar pulse
fronts, this approach is also compatible with the temporal
focusing arrangement described above where the interfering
pulses result in a rapid line-scan of the focal plane. However,
in this case, the dispersion of the counter-propagating beam
1493 is adjusted such that its pulse front scans the focal plane
1492 synchronously with the other two beams.

Unlike temporal focusing, with this approach, axial-sec-
tioning resolution is determined by the temporal width of the
femtosecond pulses rather than by Bragg cell dispersion. For
example, a 50-fs pulse results in an 11-pm depth resolution in
water. Moreover, the focal plane can be tuned in depth by
adjusting the relative timing between the counter-propagating
pulse 1493, such as by using a piezoelectrically scanned
mirror. Since the interference pattern 1408 is due to the two
co-propagating beams 1406 generated using a common-path
interferometer, the third beam 1493 does not need to be inter-
ferometrically stable. Pulse wavelength diversity used in the
three-pulse axial sectioning scheme could also be helpful in
conjunction with temporal focusing in the two-beam configu-
ration. Since two-photon fluorescence at the sum frequency
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1496 can occur only when the interfering pulse fronts coin-
cide temporally, this constitutes another depth-gating con-
straint in addition to temporal focusing of the individual
pulses.

FIG. 15 illustrates a linear technique for super-resolution
imaging thatrelies on near-field probing of fine-scale features
1592 near a surface 1593 of an object 1502. The system is
denoted generally by reference number 1599. The illumina-
tion beams 1506 are made to interfere inside a high-index
material 1591 such as Si or LiNbO;, producing higher-fre-
quency dynamic interference patterns than would be possible
in air. The resulting near-field excitation 1594 decays expo-
nentially at the interface of the material, exciting only those
fluorophores 1592 in the sample 1502 that lie in very close
proximity to the interface. A circularly and radially symmet-
ric high-index “lens” may enable wide-field super-resolution
two-dimensional imaging in the near field. With sufficiently
narrow illumination beams 1506, the shape of the high-index
lens 1591 may be spherical.

This approach is similar to using an oil-immersion objec-
tive to achieve a super-unity numerical aperture, but since the
signal is due to a near-field interaction and the light 1506 does
not need to penetrate into the sample 1502, much-higher
index materials can be used. For example, a silicon “lens”
1591 with an index of ~4 may be used to attain up to ~100-nm
lateral resolution with 800-nm illumination (alternatively, the
high-index lithium niobate or diamond materials could be
used with visible light to attain similar resolutions). Whereas
with conventional free-space lens-based optics itis difficult to
attain a sharp point-spread-function inside such high-index
materials over a wide field, embodiments of the invention
enable wide-field sinusoidal interface patterns 1508 to be
generated inside the high-index material 1591 sequentially
for each measured spatial frequency and to be phase-cohered
during synthesis (or electronically during acquisition). As
long as the interfering beams 1506 are narrow enough that the
phase gradient across each beam is approximately linear,
aberrations at the air interface can be fully compensated.
Since the evanescent waves 1594 decay rapidly into the
sample 1502, the large depth-of-field capabilities are not rel-
evant in this case since only structures within ~100 nm of the
near-field interface are probed.

This near-field “axial sectioning” effect is leveraged in the
established Total Internal Reflection Fluorescence (“TIRF”)
microscopy technique, where a wide evanescent field pro-
duced due to the total internal reflection of a plane wave
launched inside a material with a higher index than the sample
(e.g. a glass coverslip) is used to study small-scale processes
and structures at the near-field interface and eliminate back-
ground fluorescence from the rest of the sample. Unlike
TIRF-based techniques, with embodiments of the invention,
no imaging is necessary after the sample is excited by the
evanescent field and the fluoresced light 1509 can be mea-
sured from the illumination side through the same high-index
material used for excitation. Near-field resolution may be
increased further by combining this technique with wide-field
multi-photon fluorescence excitation as well as with nonlin-
ear super-resolution methods.

FIG.16A illustrates a system in which broadband radiation
may limit the depth of field and increase axial resolution in
accordance with some embodiments of the invention. The
system is denoted generally by reference number 1698. In this
configuration a broadband source 1601-a generates radiation
1603-a collimated by a lens 1690-a and directed to be inci-
dent on a Bragg cell 1614-a driven with an electrical signal
with a two-tone RF spectrum 1612-a. For a resultant pair of
interfering beams 1606-a, since the linear variation of the
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Bragg diffraction angle with wavelength opposes the wave-
length dependence of the wave vector of each beam, the
period of the interference pattern 1608-a illuminating the
object after passing through lenses 1607-a is independent of
wavelength. Moreover, since the phase of a monochromatic
interference pattern at the object plane depends on the acous-
tic phase rather than the optical phase of the source, all com-
ponent monochromatic interference patterns combine
in-phase. As a result, the object is illuminated with a high-
contrast broadband interference pattern characteristic of a
common-path grating interferometer (neglecting any gradual
wavelength dependence of Bragg diffraction efficiency).
Note that if the broadband light source is used to directly
illuminate the Bragg cell as illustrated, each incident spectral
component is diffracted by the Bragg cell at a slightly difter-
ent angle. This angular dispersion at the Bragg cell is respon-
sible for a wavelength-dependent tilt of the interference pat-
terns due to each spectral component in object space,
resulting in spectral de-phasing and loss of broadband inter-
ference contrast with defocus.

While this effect can be useful in attaining axial sectioning
with some embodiments of the invention, it can also be coun-
teracted to maintain an extended broadband depth of field by
introducing a dispersion-compensating eclement (e.g. an
appropriately-chosen grating) before the Bragg cell, as illus-
trated by the system denoted generally by reference number
1699 in FIG. 16B. In this configuration a broadband source
1601-5 generates radiation 1603-b collimated by a lens 1690-
b, diffracted by a dispersive element 1691, and directed to be
incident on a Bragg cell 1614-5 driven with an electrical
signal with a two-tone RF spectrum 1612-b. The dispersive
element ensures that the angle of incidence at the Bragg cell
varies with wavelength such that when the RF difference
frequency is zero, all 1% order diffracted spectral components
are co-aligned. This makes it possible to attain a depth of field
with broadband illumination that is nearly as large as in the
monochromatic case, which can be advantageous in some
embodiments of the invention.

As illustrated in FIG. 17, by using a broadband light
source, it may also be possible to increase the imaging depth
in scattering media such as biological tissue through wide-
field structured illumination coherence gating. The system is
denoted generally by reference number 1799. When a scat-
tering medium is illuminated with a broadband interference
pattern, ballistic photons (dotted lines) produce high-contrast
fringes at the spatial frequency being measured, whereas
various scattering paths (thin lines) contribute an unwanted
distribution of spatial frequencies. However, differences in
optical paths (e.g. arrowed lines) that exceed the light source
coherence length produce only weak intensity modulation at
the detector, resulting in improved ballistic signal visibility.
Light scattered or fluoresced by the object (wavy lines) in
response to the moving fringes, can take any path out of the
scattering medium and contributes to the signal as long as it is
detected.

When a scattering medium 1791 is illuminated with a
broadband interference pattern 1708, ballistic photons 1793
produce high-contrast fringes at the spatial frequency being
measured, whereas various scattering paths 1795 contribute
an unwanted distribution of spatial frequencies. However,
analogously to Optical Coherence Tomography (“OCT”) and
according to embodiments of the invention, scattering-in-
duced changes in a photon’s optical path 1794 exceeding the
temporal coherence length of the illumination suppress the
contrast of interference involving that photon (the photon
loses phase coherence with photons of other wavelengths),
producing only weak intensity modulation at the detector and
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resulting in improved ballistic signal visibility. According to
embodiments of the invention, the coherence-gated interfer-
ence contrast occurs in the spatial domain at the object 1702
rather than in the temporal domain at the detector as in OCT.
As a result, temporal coherence gating may occur over the
entire field of view simultaneously, whereas OCT relies on
spatial scanning to build up the three-dimensional image. In
various embodiments, the wide-field structured illumination
coherence gating effect may be leveraged in conjunction with
any of the broadband tomographic and axial sectioning tech-
niques (linear and nonlinear) described above.

In time-domain OCT, the signal measures the contrast of
the interference at the detector of back-scattered photons
from the object with a reference beam as the reference path
length is scanned. As a result, photons that traverse a longer
(or shorter) path than the reference beam are filtered out so
that only signal from scatterers 1792 located at the depth
corresponding to that of the reference mirror remains. Since
in OCT it is not possible to distinguish between photons that
are scattered before hitting the intended target and those that
are scattered on their way back to the detector, multiply
scattered illumination and response photons are both rejected
by coherence gating. In embodiments of the invention, con-
versely, only the illumination photons are coherence-gated
while the response signal photons are spatially integrated
before detection and hence can take any path 1796 through
and out of the scattering medium 1791. The inventors con-
jecture that this may lead to higher light efficiency, potentially
doubling the imaging depth of the technique compared to
OCT.

Another distinction between OCT and embodiments of the
invention is that the latter are sensitive to both fluorescent and
scattering objects 1702, whereas OCT is a coherent technique
that is sensitive only to scattering structures. This may enable
wide-field three-dimensional imaging of fluorescence con-
trast in scattering media such as biological tissue at depths
similar to those accessible by OCT.

FIG. 18 illustrates a system that uses closure phases formed
from non-redundant Fourier measurements to provide addi-
tional constraints for compensating differential phase errors
due to a large low-precision optical surface. The system is
denoted generally by reference number 1899.

Phase closure algorithms were initially developed by radio
astronomers to phase-cohere disparate antenna elements and
later extended to infrared and optical interferometry to com-
pensate for atmospheric and telescope phase errors across the
receiving aperture. These techniques rely on the concept of a
“closure phase” obtained by summing the relative phase mea-
surements due to each elemental pair in a closed loop of
interferometer antennas (or openings in an aperture mask).
Each closure phase thus obtained depends only on the intrin-
sic relative phases measured by the antenna elements and is
insensitive to local phase offsets (e.g. due to atmospheric
fluctuations or telescope errors) at each antenna.

(")

independent closure phases can be obtained for a non-redun-
dant array with N elements (e.g. by choosing an antenna
element and finding all three-element loops that contain it).
However, since such an array probes
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different Fourier pairs, closure phases alone are not enough to
eliminate all phase errors. Instead, closure phases can be used
as additional constraints in iterative techniques such as the
well known CLEAN algorithm. As the size of the non-redun-
dant array is increased, the number of independent closure
phases approaches the number of unknowns (e.g. closure
phases alone carry 96% of the phase information for a 50-el-
ement array), leading to faster and more accurate conver-
gence of the iterative algorithm. Moreover, if redundant Fou-
rier pairs are introduced, it is possible to remove phase errors
algebraically without constrained optimization.

As in aperture mask interferometry, the synthetic aperture
1824 of a system 1899 in accordance with embodiments of
the invention can be treated as an array 1898 of antenna
elements 1895 (except that each pair of elements is used to
transmit an interference pattern rather than detect one). In
non-redundant frequency measurements, each pair of illumi-
nation beams 1808 probes a different Fourier component of
the object 1802 and produces a signal at a distinct carrier
frequency at the detector 1801. Merely by way of example,
system 1899 shows an embodiment where radiation 1803
incident on a Bragg cell 1814 to generate modulated illumi-
nation 1806, which is directed to the object 1802 with a
curved mirror 1824, whereas the object’s coherent or inco-
herent response 1809 is directed to the detector 1801 via a
beam splitter 1822. Closure phases 1897 formed from the
Fourier phase measurements can be used as additional con-
straints (for constrained iterative optimization techniques, for
example) to solve for the unknown intrinsic differential
phases 1896 and correct for phase errors due to the large
low-precision optical surface 1824.

FIG. 19 illustrates a system that uses degenerate Fourier
measurements at multiple wavelengths to provide additional
constraints for phase error compensation. The system is
denoted generally by reference number 1999. Dispersion-
compensated broadband reflective embodiments of the inven-
tion can be used to measure a given Fourier component of the
object 1902 using a spectrum of wavelengths. Due to angular
dispersion at the Bragg cell 1914, which receives radiation
1903 spectrally separated by grating 1991, each spectral com-
ponent of the modulated radiation 1906 is affected by differ-
ential phase error at a distinct radius on the aperture 1924
before the illuminating radiation 1908 produces interference
patterns at a scattering object 1902. By spectrally separating
the response signal 1909 with a dispersive element 1927 such
as a grating and detecting it with an array of detectors 1928 (or
alternatively, an array of spectrally filtered detectors or a
sequence of spectral filters in front of a single detector could
be used, for example), it is possible to generate a set of
equations 1998 that could be used as an additional constraint
for iterative phase estimation algorithms. Moreover, by com-
bining these cross-spectral measurements with closure
phases, it is possible to directly solve for the phase errors
across the aperture without the use of array redundancy.

Embodiments of the invention may also be used in passive
sensing applications where projecting patterns onto a remote
target is either impractical or undesirable. FIG. 20A, FIG.
20B, and FIG. 20C show three examples of passive sensing
techniques based on the same principles of the microscopy
techniques described above. The same signal processing
techniques and image reconstruction algorithms used in the
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microscopy techniques may be applied for reconstructing an
image from the Fourier measurements obtained using these
methods.

FIG. 20A illustrates the coherent passive sensing system of
FIG. 7 used to characterize an object or medium 2092 by
measuring the complex Fourier components of a wavefront
aberrated by the object or medium. For example, the object
2091 may be a lens with optical aberrations that may be
characterized using the system. Alternatively, the medium
2092 may be a turbulent atmospheric layer distorting the
image of a remote object illuminated by a laser beam, and the
system may be used to measure and compensate for the atmo-
spheric aberrations. This system is denoted generally by ref-
erence number 2097 and is one of a variety of possible
embodiments within the spirit and scope of this invention that
should be apparent to those skilled in the art, including
examples provided in the description of FIG. 7.

FIG. 20B illustrates an incoherent passive sensing system
employing a spatially-modulated structured radiation and a
nonlinear detector to measure the spatial Fourier components
of an image. This system is denoted generally by reference
number 2098. Merely by way of example, this system may
employ an acousto-optic device 2014-5 driven by an electri-
cal signal 2023-5 to spatially modulate a source radiation
2054-b to generate a diffracted radiation 2056-b, which may
be rotated using a wavefront rotating element 2021-5 such as
a prism and directed using lenses 2007-5 and a beam splitter
2055-b to form an interference pattern 2057-b on a single-
element two-photon detector 2092. At the same time, an
image formed by focusing the incoming wavefront 2053-5
using a lens 2058-5, which may be coherent or incoherent
with respect to the structured illumination 2057-b, is directed
via a beam splitter 2055-b onto the same two-photon detector
2092, which spatially integrates the two-photon response due
to the structured illumination and image intensities. Two-
photon detection is possible using specially designed semi-
conductor photodiodes (although these operate in the NIR),
which effectively multiply the structured illumination and the
image, attaining an analogous spatial heterodyne effect and
resulting in an detector signal 2012-b analogous to those
obtained in various microscopy embodiments of the inven-
tion, so that many of the signal processing techniques and
image-reconstruction algorithms of the invention may be
directly applied to the two-photon detector signal 2012-5 to
reconstruct the passively formed image. The structured illu-
mination and the measured wavefront can be of different
wavelengths and optical bandwidths. To avoid a strong bias
due to two-photon interference of the reference structured
illumination alone (which could be much more intense than
the incoming wavefront), the wavelengths and semiconductor
material can be chosen such that only the combination of a
reference photon and a wavefront photon (or the unlikely
coincidence of two wavefront photons) is sufficient to over-
come the detector bandgap. To attain this bias rejection effect,
the reference structured illumination is longer in wavelength
than the wavefront being measured.

FIG. 20C illustrates an incoherent passive sensing system
employing a traveling-wave spatial modulator near the image
plane to measure the spatial Fourier components of an image.
In this system denoted generally by reference number 2099,
the spatial light modulator 2093 such as a liquid crystal,
MEMS, or SAW device is positioned just in front of the
single-element detector 2001-c¢, which receives and spatially
integrates an image formed by focusing the incoming wave-
front 2053-¢ using a lens 2058-¢ (although a transmissive
system is shown, a reflective design can be easily imple-
mented by placing the spatial light modulator 2093 in a con-
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jugate image plane). Fourier analysis of the intensity distri-
bution at the spatial light modulator 2093 can be
accomplished by programming it with a sequence of traveling
fringe patterns, or by using a more complex (frequency mul-
tiplexed) traveling pattern. In the latter case, the individual
complex Fourier components of the image can be recovered
by Fourier analysis of the detector signal 2012-¢, as in fre-
quency-multiplexed microscopy embodiments of the inven-
tion. However in contrast to some microscopy embodiments,
and as in the other passive sensing embodiments described
above, in this case there are no redundant measurements or
other frequency multiplexing penalties (since the Fourier
analysis is purely two-dimensional).

The system illustrated in FIG. 21 and denoted generally by
reference number 2199 makes it is possible to measure a full
complex Fourier slice of the scattering object 2102 by using a
fixed reference beam 2192 aligned with the optical axis and
an angle-scanned probe beam 2193 (generated using an
acousto-optic Bragg cell, for example) that sweeps over both
negative and positive angles. The beams 2192 and 2193 inter-
act with the object 2102 comprised of amplitude or phase
sinusoidal components 2191 generating diftracted radiation
orders 2196, some of which are collected onto the detector
2101 by lens 2107. In this case, the magnitude and phase of
the time-varying intensity signal i (;Q2,,) (where Q,, repre-
sents the RF modulation frequency and the corresponding
Doppler shift of the scanned beam) at the detector 2101
placed behind a pinhole 2194 in the far-field or in a Fourier
plane 2195 of the scattering object 2102 measure the magni-
tude and phase of the object’s Fourier coefficients U(0,Q2,,/
1,) along a slice as 0 is scanned, as illustrated in the Fourier-
domain in space 2198. The resulting time-varying detector
signal may be described as:

LR, U0,Q,/,)1c08(2Q,, 1+ L. U(0,Q,,/0,)).

Thus, a beat signal at Q,, is detected at the center of the
Fourier plane whenever a diffracted order 2196 of the scanned
beam 2193 aligns with the reference beam 2192. Since the
interference pattern illuminating the structure tilts with 0, the
Fourier samples are measured along a circle (i.e. a portion of
an Ewald sphere) in the k -k, plane as illustrated in space
2197, thereby sacrificing the large depth of field of double-
sided embodiments. On the other hand, this technique enables
simultaneous, quantitative, and unambiguous measurement
of'both phase and amplitude structures, and enables complex
image synthesis through the use of diffraction tomography
algorithms, for example. It should be apparent to those skilled
in the art that this technique is not limited to sequential scan-
ning of Fourier space and may utilize multiple probe beams or
a continuous probing pattern generated by spatially modulat-
ing a coherent radiation (using two crossed Bragg cells, for
example) and may employ a variety of frequency and wave-
length multiplexing schemes, phase calibration techniques,
and other methods described in the context of other embodi-
ments of the invention. Moreover, the fixed reference beam
2192 does not need to interact with the object before being
received by the detector.

FIG. 22 illustrates the use of random sparse Fourier sam-
pling and compressed sensing algorithms to reduce the num-
ber of measurements required to reconstruct a detailed image
of an object. Compressive sensing techniques are known to
substantially reduce the number of measurements needed to
reconstruct some objects by projecting the object information
onto a randomly-generated measurement basis. Such com-
pressive sensing concepts can be applied directly to Fourier
measurements 2298 obtained with embodiments of the inven-
tion. For example, it has been theoretically shown and experi-
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mentally demonstrated in the context of MRI that in many
cases by measuring randomly-selected Fourier coefficients
2294 of the object 2202 it is possible to greatly reduce the
number of measurements required to faithfully reconstruct
the image 2292, as in the case of random basis projection.
Moreover, other optimal sparse Fourier sampling schemes
have also been described in the context of radio astronomy
using non-redundant arrays, for example. Regardless of the
particular Fourier sampling scheme, constrained iterative
techniques (based on [.1 norm minimization) similar to the
CLEAN algorithm used in radio astronomy and depicted
schematically in space 2297, for example, can be used to
recover the image 2292 from the sparse set of Fourier coef-
ficients 2298. Since in embodiments of the invention the set of
Fourier coefficients 2295 measured along any given Fourier
slice 2293 is unrestricted (there is no scanning time penalty
for jumping between spatial frequencies), sparse Fourier
sampling can be used to reduce measurement time without
sacrificing image quality. Moreover, with non-mechanical
Fourier scanning (e.g. using crossed Bragg cells as described
above) “random-access” Fourier sampling can be extended to
2D and even 3D. Thus, embodiments of the invention may
provide a very flexible programmable platform for single-
pixel compressive sensing in the Fourier domain.

FIG. 23 illustrates data processing flow for various
embodiments of the invention based on chirped heterodyne
measurements. In some embodiments an electronic hetero-
dyne process results in a modulated single-tone carrier cen-
tered at the heterodyne frequency. To recover the complex
Fourier slice from the digitized signal, the envelope and phase
of the carrier signal that correspond to the magnitude and
phase of the Fourier slice respectively are demodulated, as
illustrated by the steps in the overall signal processing flow
2399. This may be accomplished by employing a Hilbert
transform to convert the digitized signal into its analytic rep-
resentation and subtracting the linear phase due to the carrier.
Theresulting complex signal corresponds to the demodulated
single sideband of the Fourier slice covered by the chirp. The
full Fourier slice may then synthesized by reflecting this
signal about DC (while conjugating the phase) and setting the
missing frequencies in the narrow DC region to zero. The
steps of carrier demodulation using a Hilbert transform are
illustrated in box 2397. Instead of using the Hilbert transform,
the one-dimensional projection may be recovered directly by
flipping the digitized modulated carrier waveform about DC
(and filling in the zeroes near DC) to generate a double-
sideband modulated Fourier slice, Fourier transforming the
result, downshifting to baseband to remove the heterodyne
carrier, applying a 50 kHz digital bandpass filter centered at
BC, and converting from frequency to temporal (or equiva-
lently, spatial) coordinates. This process is illustrated in box
2398.

In addition to the demodulation scheme, in some embodi-
ments the processing flow 2399 may include: (1) optional
digital bandpass filtering of the heterodyne signal; (2) auto-
matic cropping of the one-dimensional projections to
increase processing speed and reduce memory requirements;
(3) real-time filtered backprojection, in which reconstruction
takes shape as the data are acquired slice by slice; and (4)
sinogram filtering to reduce ring artifacts. Since ring artifacts
map to columns in the sinogram, they may be dealt with in the
sinogram domain. In this scheme, the sinogram is collapsed
to a one-dimensional array by summing across all the rows.
This operation averages out the signal, but retains common-
mode horizontal variations in the sinogram rows that map to
radial variations in the reconstructed image. The resulting
collapsed array is then smeared vertically and subtracted
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from the original sinogram. Although this process works well
in reducing the ring artifacts, it can also inadvertently remove
signals near the center of rotation of the backprojected image
and thus should be used with caution.

FIG. 24 illustrates a system, denoted generally by refer-
ence number 2499, for measuring remote objects with micro-
scopic resolution using a large phase-compensated reflector.
An aspect of some embodiments of the invention is the ability
to electronically correct coarse phase errors in the pupil func-
tion of the illumination optics as illustrated in FIG. 3A and
described elsewhere in this document. This makes it possible
to use a low-precision large reflecting dish 2424 (e.g. an
ellipsoid) to project thin “pencil beams™ 2491 that interfere at
a remote object 2402 which may be several meters away, for
example. In the illustrated embodiment, a lens 2407 and a
small secondary mirror 2435 (e.g. a paraboloid) are used to
magnify the angles of the radiation 2406 diffracted by a Bragg
cell 2414 illuminated by radiation 2403, such that the Bragg
cell effectively scans the pencil beams 2491 across the dish
2424 generating dynamic patterns 2408 of different frequen-
cies at the object 2402. These dynamic patterns may be
rotated with respect to the object using a prism or alterna-
tively multi-dimensional dynamic patterns may be generated
using two crossed Bragg cells as in other embodiments, for
example. As long as the reflector surface 2424 is of optical
quality in the small region 2492 illuminated by a pencil beam,
coarser linear or piston phase errors in the dish can be com-
pensated by phase-shifting the Bragg cell drive signal 2423
components or by applying corrective phases during Fourier
synthesis. The phase errors may be estimated using phase
closure techniques as described above, for example. This
enables diffraction-limited remote microscopy that would
normally require a precision lens as large as the reflector dish
2424, while providing a much larger depth of field. The large
reflector may be machined from metal with a honeycomb or
drilled substrate to make it lightweight, or even deployed as a
mosaic of mirrors. The same large dish may also be used to
efficiently collect light 2409 from the object and direct it via
a backend beam splitter 2422 onto a sensitive single-element
detector 2401. The detector signal may then be processed to
reconstruct the image of the remote object 2402 as in other
embodiments of the invention. The large collecting aperture
of the dish may be especially well suited for efficiently col-
lecting the weak response radiation in remote fluorescence
microscopy.

FIG. 25 illustrates a system, denoted generally by refer-
ence number 2599, that employs a spatially incoherent source
to limit the depth of field and increase axial resolution. An
extended source 2501 such as an LED may be treated as a
group of small mutually-incoherent shifted radiation sources
2591. The resulting radiation 2503 is collimated and directed
by alens 2590 onto a Bragg cell 2514 such that radiation from
each shifted source arrives at the Bragg cell at a slightly
different incidence angle. Radiation 2506 diffracted by the
Bragg cell driven by a pair of tones 2512 is focused by lens
2507-i to form images 2593 of the small radiators in an
intermediate Fourier plane and is recollimated by lens 2507-ii
to produce an illumination pattern 2508 at the object plane
2594. This illumination pattern can be understood as an inco-
herent sum of slightly tilted interference patterns of the same
spatial frequency. The tilted patterns combine in-phase near
the object plane 2594, but increasingly out-of-phase away
from it, so that the contrast of the incoherently-combined
interference patterns is high near the object plane but falls
with defocus resulting in a depth-apodized fringe visibility
and a reduced depth of field. The reduction of fringe visibility
with depth due to limited spatial coherence depends on the
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spatial frequency of the projected pattern (lower frequencies
wash out more gradually with depth than higher ones). The
dependence of the axial extent of the combined interference
pattern on the spatial coherence of the illumination can be
used to attain axial sectioning in various embodiments of the
invention since away from the object plane the illumination is
only weakly modulated and contributes little to the AC detec-
tor signal.

In discussing the effects of partial spatial coherence, it is
important to take into account the acceptance angle 2592 of
the Bragg cell, which characterizes the dependence of dif-
fraction efficiency on the incidence angle. Since collimated
light from each resolvable independent radiator 2591 in the
extended source 2501 arrives at the Bragg cell at a slightly
different angle, the limited acceptance angle of the Bragg cell
creates a spatial filter, potentially increasing the spatial coher-
ence depending on the size of the source and the focal length
of the collimating lens. For a typical TeO, Bragg cell, the
acceptance angle may be as much as several degrees (depend-
ing on the bandshape flatness requirements). Thus, a 500
um-wide LED may need to be collimated using a lens with a
focal length of ~15 mm or greater in order to not exceed a 2°
Bragg cell acceptance angle, for example.

The methods, apparatuses, and systems described in con-
nection with the various systems and methods described
above may be implemented in part by using a computational
device 2600 such as shown schematically in FIG. 26, which
broadly illustrates how individual system elements may be
implemented in a separated or more integrated manner. The
device 2600 is shown comprised of hardware elements that
may be electrically coupled via bus 2626. The hardware ele-
ments may include a processor 2602, an input device 2604, an
output device 2606, a storage device 2608, a computer-read-
able storage media reader 2610a, a communications system
2614, a processing acceleration unit 2616 such as a DSP or
special-purpose processor, and a memory 2618. The com-
puter-readable storage media reader 2610a may be further
connected to a computer-readable storage medium 26105, the
combination comprehensively representing remote, local,
fixed, and/or removable storage devices plus storage media
for temporarily and/or more permanently containing com-
puter-readable information. The communications system
2614 may comprise a wired, wireless, modem, and/or other
type of interfacing connection and permits data to be col-
lected from the Fourier domain sensing systems. In some
instances, such data collection may be performed in real time
by the communications system. In some instances, one or
more characteristics of the measured Fourier components
may be computed from such collected data by using a lookup
table stored within the memory 2618, storage device 2608, on
computer readable storage media 2610, and/or within storage
elements embedded within the processor 2602 and/or proces-
sor acceleration unit 2616.

The device 2600 may also include software elements,
shown as being currently located within working memory
2620, which may include an operating system 2624 and other
code 2622, such as a program designed to implement methods
of'the invention. Merely by way of example, device 2600 may
include processing code that may include instructions to
determine one or more characteristics of sinusoidal Fourier
components of the object based on a time-varying signal,
merely by way of example. Processing code may also be
included to reconstruct, synthesize, display, and/or analyze
images of the object. Code may also be included to control
and/or to implement embodiments of different Fourier
domain sensing systems. It will be apparent to those skilled in
the art that substantial variations may be used in accordance
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with specific requirements. For example, customized hard-
ware might also be used and/or particular elements might be
implemented in hardware, software (including portable soft-
ware, such as applets), or both. Further, connection to other
computing devices such as network input/output devices may
be employed.

It should be noted that the methods, systems, and devices
discussed above are intended merely to be examples. Various
embodiments may omit, substitute, or add various procedures
or components as appropriate. For instance, it should be
appreciated that, in alternative embodiments, the methods
may be performed in an order different from that described,
and that various steps may be added, omitted, or combined.
Also, features described with respect to certain embodiments
may be combined in various other embodiments. Different
aspects and elements of the embodiments may be combined
in a similar manner. Many of the elements are intended as
illustrative examples and should not be interpreted to limit the
scope of the invention.

Specific details are given in the description to provide a
thorough understanding of the embodiments. However, it will
be understood by one of ordinary skill in the art that the
embodiments may be practiced without these specific details.
For example, well-known circuits, processes, algorithms,
structures, and techniques have been shown without unnec-
essary detail in order to avoid obscuring the embodiments.

Also, it is noted that the embodiments may be described as
a process which is depicted as a flow diagram or block dia-
gram. Although each may describe the operations as a
sequential process, many of the operations can be performed
in parallel or concurrently. In addition, the order of the opera-
tions may be rearranged. A process may have additional steps
not included in the figure.

Moreover, as disclosed herein, the term “memory” or
“memory unit” may represent one or more devices for storing
data, including read-only memory (ROM), random access
memory (RAM), magnetic RAM, core memory, magnetic
disk storage mediums, optical storage mediums, flash
memory devices, or other computer-readable mediums for
storing information. The term “computer-readable medium”
includes, but is not limited to, portable or fixed storage
devices, optical storage devices, wireless channels, a sim
card, other smart cards, and various other mediums capable of
storing, containing, or carrying instructions or data.

Furthermore, embodiments may be implemented by hard-
ware, software, firmware, middleware, microcode, hardware
description languages, or any combination therecof. When
implemented in software, firmware, middleware, or micro-
code, the program code or code segments to perform the
necessary tasks may be stored in a computer-readable
medium such as a storage medium. Processors may perform
the necessary tasks.

Having described several embodiments, it will be recog-
nized by those of skill in the art that various modifications,
alternative constructions, and equivalents may be used with-
out departing from the spirit of the invention. By way of
example, several such variations are set forth here, but this
identification of potential variations is not intended to be
exhaustive, and other variations will be evident for those of
skill in the art.

For instance, while the optics have been described for
particular types of systems in the illustrative embodiments,
the principles of the invention may more generally be imple-
mented with reflective optics, transmissive optics, or combi-
nations thereof. While Bragg cells have been used to illustrate
one technique for enabling spatial modulation, it can more
generally use any of a variety of technologies that include AO,
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SAW, LCD, MEMS, and others. Spatial modulators may be
one-dimensional or two-dimensional, and may incorporate
different spatial-modulator technologies and arrangements.
Dispersive elements may include gratings, diffractive optical
elements, holograms, prisms, grisms, AO devices, program-
mable MEMS devices, and the like. In broadband schemes,
radiation may be spatially coherent or not, and certain
embodiments may be implemented regardless of spatial or
temporal coherence of the illumination (e.g., compressive
sensing, etc.). Two-dimensional and three-dimensional Fou-
rier samples can be measured by mechanically rotating and/or
tilting illumination produced by a one-dimensional spatial
modulator or by generating multi-dimensional patterns using
a two-dimensional spatial modulator without requiring
mechanical rotation. Object response may be coherent (e.g.
scattered) or incoherent (e.g. fluoresced) in different embodi-
ments.

The arrangements illustrated in the drawings and described
above are simple so that the principles of operation will be
evident, but it will be appreciated that other systems may be
implemented in a more complex fashion, such as by involving
a greater number of lenses than shown and/or by involving
additional conjugate optical planes. In some embodiments,
Fourier sample acquisition may be sequential, RF frequency-
multiplexed, and/or wavelength-multiplexed. In wavelength-
multiplexed embodiments, radiation from the object may be
spectrally dispersed onto an array of detectors, may illumi-
nate an array of filtered detectors, or, in some cases, may be
detected using a single detector and a sequence of spectral
filters. Although a single spatially integrating detector has
been described above for most embodiments, it will be under-
stood that parallelized embodiments using multiple detectors
to look at different parts of the object, different spectral
bands, different polarizations, etc. are also within the
intended scope of the invention, and may be used in various
embodiments where only a single detector has been
described.

In some illustrative embodiments, only a pair of interfering
beams has been shown (sequential Fourier sampling), but the
same principles typically also apply when many beams or
when a continuous spatially modulated wavefront is dif-
fracted. Such alternative embodiments are also within the
intended scope of the invention. While the above description
at times refers to a given illumination spatial frequency mea-
suring a single Fourier component, it will be appreciated that
it is alternatively possible to measure multiple harmonic Fou-
rier components at once when the illumination is sufficiently
strong and the response is nonlinear. Even without explicit
mention of such variations, the descriptions apply equally
well to such a nonlinear response as they do to a linear
response.

In addition, the above elements may merely be a compo-
nent of a larger system, wherein other rules may take prece-
dence over or otherwise modify the application of the inven-
tion. Also, a number of steps may be undertaken before,
during, or after the above elements are considered.

Accordingly, the above description should not be taken as
limiting the scope of the invention, which is defined in the
following claims.

What is claimed is:

1. A method of sensing an object, the method comprising:

spatially modulating a first radiation to generate a struc-
tured second radiation;

illuminating the object with the structured second radiation
such that the object produces a third radiation in
response, wherein, apart from any spatially dependent
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delay, the third radiation has a time variation that is
substantially spatially independent;

detecting, with a single-element detector, a portion of the

third radiation from a plurality of locations on the object
substantially simultaneously; and

estimating at least one characteristic of one or more sinu-

soidal spatial Fourier-transform components of the
object from a time-varying signal from the detected
portion of the third radiation.

2. The method recited in claim 1 wherein:

spatially modulating the first radiation comprises propa-

gating a traveling modulation pattern along a direction;
diffracting a plane-wave component of the second radia-
tion; and

imparting a Doppler frequency shift on the plane-wave

component.

3. The method recited in claim 2 wherein:

the second radiation comprises a plurality of plane-wave

components;

each distinct pair of the plane-wave components interferes

to produce a traveling sinusoidal excitation pattern com-
ponent probing one or more harmonic spatial Fourier-
transform components of the object and contributing a
time-varying detector signal comprising one or more
frequencies corresponding to an integer multiple of a
temporal frequency difference of the each distinct pair of
plane-wave components and having zero or nonzero
frequency offset.

4. The method recited in claim 3 wherein:

the traveling modulation pattern is produced using one or

more acousto-optic devices comprising at least one of a
Bragg cell or a surface-acoustic-wave optical modula-
tor; and

each of the acousto-optic devices is controlled with an

electrical drive signal, each frequency component of the
electrical drive signal or an intermodulation thereof
imparting a harmonic Doppler frequency shift to one of
the plane-wave components of the second radiation.

5. The method recited in claim 4 wherein:

spatially modulating the first radiation comprises spatially

modulating the first radiation along a plurality of non-
parallel directions;

the acousto-optic devices comprise at least one of a multi-

dimensional acousto-optic device or a plurality of non-
collinear acousto-optic devices arranged in tandem in
close proximity to each other or in conjugate optical
planes; and

the drive signals comprise an array of frequencies, wherein

at least one pair of frequencies results in a distinct tone in
the time-varying detector signal that measures a distinct
component of a three-dimensional Fourier transform of
the object.

6. The method recited in claim 4 wherein the electrical
drive signal comprises one or more electrical drive signals
comprising a non-redundant array of frequencies.

7. The method recited in claim 3 wherein:

the second radiation comprises a plurality of plane-wave

components; and

a difference between temporal frequencies of each pair of

plane-wave components is substantially distinct from
temporal frequency differences of other pairs of plane-
wave components that produce distinct sinusoidal exci-
tation patterns.

8. The method recited in claim 3 wherein estimating the
characteristic of the sinusoidal spatial Fourier-transform
components of the object comprises obtaining substantially
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simultaneous measurements of one or more distinct spatial
Fourier-transform components of the object from the signal
by Fourier analysis.

9. The method recited in claim 3 wherein:

a response by the object to the second radiation is nonlin-

ear; and

a portion of the time-varying signal due to a sinusoidal

excitation pattern component comprises harmonic tem-
poral frequencies measuring harmonic spatial Fourier-
transform components.

10. The method recited in claim 9 wherein the response is
due to saturable fluorescence.

11. The method recited in claim 9 wherein the response is
due to depletion of fluorescence using an auxiliary depletion
illumination pattern traveling substantially in unison with the
traveling sinusoidal excitation pattern but operating at a sub-
stantially distinct wavelength.

12. The method recited in claim 9 wherein the response is
coherent.

13. The method recited in claim 1 wherein the second
radiation has a spectral distribution, the method further com-
prising controlling a width of the spectral distribution to set a
depth of field of the sensing.

14. The method recited in claim 13 further comprising
controlling a group delay dispersion of the first radiation to set
a focal plane of the sensing.

15. The method recited in claim 1 wherein the first and
second radiations have a spectral distribution, the method
further comprising angularly spectrally dispersing wave-
lengths of the first radiation to maintain an extended depth of
field, wherein depth of field and resolution are substantially
decoupled.

16. The method recited in claim 1 wherein the first radia-
tion has a partial spatial coherence.

17. The method recited in claim 16 further comprising
controlling the partial spatial coherence of the first radiation
to set a depth of field of the sensing.

18. The method recited in claim 1 wherein:

the second radiation has a spectral distribution; and

as a result of a limited coherence of the first radiation,

portions of the time-varying signal due to illumination
that is scattered at least once before impinging on the
object are suppressed relative to portions of the time-
varying signal due to illumination not thus scattered,
resulting in increased measurement contrast and
extended measurement depth within or behind a scatter-
ing medium.

19. The method recited in claim 18 wherein

the scattering medium comprises biological tissue; and

the third radiation is fluoresced by a component of the

biological tissue in response to the illumination.

20. The method recited in claim 1 wherein the third radia-
tion is due to at least one of multiphoton fluorescence, har-
monic generation, coherent nonlinear frequency mixing, or
Raman Scattering.

21. The method recited in claim 20 further comprising
illuminating the object with a fourth radiation, wherein:

the fourth radiation comprises a counter-propagating

pulsed radiation having a different spectrum from the
second radiation;

the second radiation is pulsed; and

the third radiation is spectrally filtered,

whereby the time-varying signal is detected only when the

second and fourth radiation pulses overlap in time and
space to produce emission with a spectrum distinct from
the spectra of the second and fourth radiations.

42

22. The method recited in claim 21 further comprising
adjusting a relative timing of pulses of the second and fourth
radiations to control an axial location of overlap of such
pulses, thereby providing axial sectioning.

5 23. The method recited in claim 1 wherein:

the second radiation passes through a high-index medium

having a higher index of refraction than a sample

medium and forms an evanescent field pattern extending
into the sample medium at an interface between the
high-index medium and the sample medium; and

the object is located substantially adjacent to the interface

such that it is at least partially within the evanescent field

pattern.

24. The method recited in claim 1 wherein the sinusoidal
spatial Fourier-transform components of the object have a
substantially sparse and approximately random distribution
in the Fourier domain, the method further comprising apply-
ing a compressed sensing algorithm utilizing a minimization
of a norm to synthesize a one-dimensional or multi-dimen-
sional image or a transform of such image.

25. The method recited in claim 1 further comprising com-
pensating for errors in a wavefront of the structured second
radiation while or after estimating the characteristic.

26. The method recited in claim 25 wherein:

the characteristic comprises phase; and

compensating for errors in the wavefront of the structured

second radiation comprises forming closure phases from

the estimated Fourier phases.

27. The method recited in claim 25 wherein:

the single-element detector comprises one or more detec-

tors;

the second and third radiations each have a spectral distri-

bution;

detecting the portion of the third radiation comprises sepa-

rately sensing distinct wavelength ranges, at least two of

such separate sensings detecting a portion of the third
radiation due to the same Fourier component of the
object; and

compensating for errors in the wavefront of the structured

second radiation comprises using signals from the sepa-

rate sensings.

28. The method recited in claim 1 wherein the object is
located at a distance, the method further comprising:

using an optical surface with coarse phase errors to illumi-

nate the object with the structured second radiation; and
compensating the coarse phase errors of the optical surface

by making adjustments to at least one of the phase of the
sinusoidal components of the structured illumination or
the phase of the measured spatial Fourier-transform
components of the object.

29. The method recited in claim 1 wherein the time-varying
signal has a carrier frequency, the method further comprising
demodulating the time-varying signal from the carrier by
applying a Hilbert transform to obtain an analytic signal and
subtracting a carrier phase function from the analytic signal.

30. The method recited in claim 1 wherein the time-varying
signal has a carrier frequency, the method further comprising
demodulating the time-varying signal from the carrier by
down-converting and bandpass-filtering a Fourier transform
of the detected signal.

31. The method recited in claim 1 wherein:

the single-element detector comprises a plurality of detec-

tors, each of the detectors having a distinct wavelength

range; and

20

25

30

35

40

45

50

55

60

65



US 8,558,998 B2

43

the second radiation has a centrosymmetric position-de-
pendent wavelength distribution substantially near a
Fourier-transform optical plane of the spatial modula-
tion.

32. A method for measuring one or more sinusoidal spatial
Fourier-transform components of an object, the method com-
prising:

illuminating the object with a first probing radiation com-

prising one or more plane-wave components having dis-

tinct directions of propagation, wherein the object pro-
duces a second radiation in response to such
illuminating;

imparting a distinct frequency shift on each of the probing

radiation components;

detecting, with a single-element detector, a third reference

radiation substantially coherent with respect to the first
probing radiation and a portion of the second radiation
from a plurality of locations on the object substantially
simultaneously; and

estimating at least one characteristic of the one or more

sinusoidal spatial Fourier-transform components of the
object based on a time-varying signal from the detected
second and third radiations.

33. The method recited in claim 32 wherein:

the object comprises phase structure; and

aportion of the second radiation is due to coherent scatter-

ing of the first radiation by the phase structure.

34. The method recited in claim 32 wherein imparting the
distinct frequency shift on the first radiation components
comprises utilizing at least one of a one-dimensional acousto-
optic Bragg cell, a multi-dimensional acousto-optic Bragg
cell, a surface-acoustic-wave optical modulator, a program-
mable grating device, a liquid crystal array, or a digital micro-
mirror device.

35. A method for measuring one or more plane-wave com-
ponents of a first radiation, the method comprising:

illuminating a single-element detector with the first radia-

tion and with a second radiation substantially coherent
with respect to the first radiation, the second radiation
comprising one or more plane-wave components having
distinct directions of propagation;

imparting a distinct frequency shift on each of the second

radiation components;

detecting the first and second radiations with the detector

substantially simultaneously; and
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estimating at least one of amplitude, phase, or direction of
propagation of the one or more plane-wave components
of the first radiation based on a time-varying signal due
to the detected radiations.

36. The method recited in claim 35 wherein imparting the
distinct frequency shift on the second radiation components
utilizes at least one of a one-dimensional acousto-optic Bragg
cell, a multi-dimensional acousto-optic Bragg cell, a surface-
acoustic-wave optical modulator, a programmable grating
device, a liquid crystal array, or a digital micromirror device.

37. The method recited in claim 35 wherein the first radia-
tion is reflected or transmitted by an object, the method fur-
ther comprising estimating a characteristic of the object from
measurements of the one or more plane-wave components.

38. A method for measuring one or more sinusoidal spatial
Fourier-transform components of a portion of an image
formed by a first radiation, the method comprising:

generating a structured third radiation by spatially modu-

lating a second radiation;

illuminating a single-element multiphoton detector with

the structured third radiation and with the first-radiation
image portion;

detecting the first and third radiations with the multiphoton

detector substantially simultaneously; and

estimating a characteristic of the one or more sinusoidal

spatial Fourier-transform components of the portion of
the image based on a time-varying signal due to the
detected radiations.

39. The method recited in claim 38 wherein spatially
modulating the second radiation utilizes at least one of a
one-dimensional acousto-optic Bragg cell, a multi-dimen-
sional acousto-optic Bragg cell, a surface-acoustic-wave
optical modulator, a programmable grating device, a liquid
crystal array, or a digital micromirror device.

40. A method for measuring a sinusoidal spatial Fourier-
transform component of a portion of an image formed by a
first radiation, the method comprising:

spatially modulating an amplitude of the portion of the

image with a traveling modulation pattern to form a
structured second radiation;

detecting a portion of the structured second radiation from

aplurality of locations on the image substantially simul-
taneously; and

estimating a characteristic of the sinusoidal spatial Fourier

transform component of the portion of the image based
on a time-varying signal due to the detected radiation.
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